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EXECUTIVE SUMMARY

The objective of this research investigation was to evaluate
the Falling Weight Deflectometer (FWD), the test procedures
used in field data acquisition, and the mechanistic-
empirical equations used to calculate the effective
structural capacity of in-service pavements from the Non-

Destructive Testing (NDT) deflection data.

In December of 1988 the Missouri Department of
Transportation (MoDOT) purchased a Dynatest Model 8000 FWD.
And, in the spring of 1989 began experimentally testing

pavement.

In the early years of this investigation the data
acquisition procedures were not uniform. The deflection
sensor spacing setups, weight drop heights, number of drops
per test section, and intervals of testing were frequently
changed. Since then the Strategic Highway Research Program
(SHRP) Long Term Pavement Performance (LTPP), the American
Society of Testing and Materials (ASTM), and the American
Association of State Highway and Transportation Officials
(AASHTO) have set standards for NDT deflection data
acquisition for the FWD. The FWD field testing procedures
depicted in this investigation will try to comply with the

above mentioned standards.

Once deflection data is acquired from the field it is used
to estimate the in-situ structural capacity of the pavement.
This investigation evaluated two of the numerous
backcalculation programs, Chapter 5 (Rehabilitation Methods
With Overlays) of the 1993 AASHTO Guide For Design of
Pavement Structures, and the DARWin Pavement Design program
which employs the equations of the 1993 AASHTO Design Guide.
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The two backcalculation programs were ELMOD\ELCON and
MODULUS. There were limited indications that the Modulus
program provided more reasonable and consistent results,
therefore it was the backcalculation program of choice used

in this investigation.

Chapter 5 of the 1993 AASHTO Design Guide, and the DARWin
program, present procedures to utilize NDT deflection data
to estimate the in-situ structural capacity of the pavement
and to calculate the rehabilitative overlay thickness to
upgrade the existing structure. This investigation has found
that these procedures, and the equations which are employed
in these procedures, are presently the best means of
estimating the effective structural capacity of in-situ
pavements from FWD NDT deflections.

Some of the conclusions of this investigation are as

follows:

The FWD NDT deflections can be used to estimate the

in-situ structural capacity of pavements.

The backcalculation of estimated moduli values of
pavement layers can be accomplished with the program
"Modulus®.

Deflection basin parameters, such as the deflection
directly under the load plate (dg), the deflection
basin area, and the radius of curvature of the
deflection basin could be used in a data base for an
inventory tool. This data base should have graphical
capabilities so as to display the deflection basin
parameters versus the log mile location of the
pavement. This data base should be structured so it can
be eventually incorporated into a Pavement Management
System (PMS).
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The effective structural capacity of the pavement can
be estimated using the 1993 AASHTO Pavement Design
Guide and the pavement design program "DARWin". The
DARWin program can be used to analyze pavements at a

project level.

MoDOT should not consider this topic completely
evaluated. There are daily changes in (NDT) equipment.
and the processes that use the FWD’s output. Further
improvements of mechanistic-empirical analysis and
design from NDT data is inevitable. And, a simpler
means to incorporate FWD NDT results into a PMS system

will surely be innovated.

Since its infancy, the FWD and the backcalculation
process/procedures have evolved to the point where
usable information on the structural capacity of

in-service pavements can be obtained.

Some of the recommendations from this investigation are as

follows:

MoDOT should institute a testing program with the FWD
that could provide inventory and project level
information. The interstate and primary routes should
all be tested and the data inventoried into a data base
with graphical capabilities. This testing program
should be on a two year interval and conducted as

outlined in this report.

The use of the FWD and the computation of the needed
output from the FWD should remain in the control of
someone familiar with the entire process and its

shortcomings.
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MoDOT should continue to use the Dynatest FWD to
promote data uniformity and staff familiarity with the
equipment and its expected results.

MoDOT should establish its own absolute calibration

center if more FWD units are purchased.

MoDOT should continually review changes in this field
and use any collected information, internal or

external, to update the proposed process.
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ABSTRACT

The objective of Research Investigation No. RIB8-02 was to
evaluate the Falling Weight Deflectometer (FWD), the test
procedures used in its field data acquisition, and the
mechanistic-empirical equations which employ this Non-
Destructive Testing (NDT) deflection data to calculate the

effective structural capacity of in-service pavements.

It was determined that the Falling Weight Deflectometer can
be used to estimate the in-situ structural capacity of
existing pavements. Test procedures and recommendations for

its use are presented in this report.
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OBJECTIVES

The objective of this research investigation was to evaluate
the Falling Weight Deflectometer (FWD), testing procedures,
and the mechanistic-empirical equations used in the
estimation of the effective structural capacity of existing
pavements. The intent of this evaluation was to try to find
a usable, reliable, and efficient tool that could
quantitatively inventory the structural capacity of in
service pavements. Subsequent use of this knowledge could be
inventory data in our Pavement Management System (PMS),
and/or to use as a viable alternative to evaluate existing
pavement structures at the project level.

This study included the following:

1. Evaluate the Falling Weight Deflectometer, procedures,
and data collection.

2. Evaluate backcalculation process and programs that
determine in-situ moduli.

3. Review Chapter 5 of the 1993 AASHTO Guide for Design of
Pavement Structures and the pavement design program
"DARWin".

4. Determine the structural capacity of typical in service
pavements from non-destructive testing deflections.

5. Tentative implementation of subsequent knowledge.






INTRODUCTION

The Missouri Department of Transportation (MoDOT), in
December of 1988, purchased an FWD to determine if it was a
usable, reliable, and efficient avenue for determining the
structural capacity of in-service pavements. Previously,
engineering judgement, destructive sampling and testing, or
a standard rehabilitation design were the only tools used by
MoDOT to determine the rehabilitation design of a pavement.
The rehabilitation of pavements is traditionally triggered
by functional factors, but once this occurs then an analysis
of the pavement’s structural factors is necessary to
determine the extent and type of rehabilitation best suited

to the department’s needs.

Other state highway agencies have used Non-Destructive
Testing (NDT) for many years, most common was the Benkelman
Beam. MoDOT used the Benkelman Beam on research test sites
as part of the AASHO Satellite program beginning in the
1960’'s. The practice of using the Benkelman beam for testing
to determine the rehabilitation needs was never adopted by
MoDOT. The adoption of the AASHTO Design Guide and a desire
to initiate PMS has prompted the need for NDT.

The development of the Falling Weight Deflectometer (FWD),
Roadrater, and other similar automated deflection testing
equipment created the opportunity for highway engineers to
access information about the structural factors of

in-service pavements.



MoDOT purchased a Dynatest FWD Model 8000 to begin
evaluating:
1. Equipment
Test Procedures
MoDOT Pavements
Backcalculation Programs to Determine Moduli

e W N

Possible Implementation Procedures

During a three year period, 1989 to 1991, testing of
numerous test sections was performed three times a year. In
1991 and‘part of 1992, nine test sites were tested on a
monthly basis to determine seasonal effects. This data base
of information is now being evaluated to answer ongoing

questions concerning NDT application.

The following is a report of the how, when, where and why
concerning the use of a FWD for NDT in Missouri.



NDT TEST EQUIPMENT SELECTION

The choices of NDT equipment for deflection testing were
numerous. They included the Dynatest FWD, Kaub FWD,
Roadrater, and the Benkelman Beam. It was determined by the
Strategic Highway Research Program (SHRP) that for their
deflection testing, the Dynatest FWD would be the choice. An
FHWA report came to the conclusion that the FWD,
particularly the Dynatest, would be one of the best NDT
equipment choices (1). The Dynatest FWD best simulates a
dynamic 18 Kip axle load of a tractor-trailer by imparting a
9 Kip, half of an 18 Kip axle, dynamic load onto the
pavement for approximately 25 to 30 milliseconds. The 5.9
inch contact plate radius of the Dynatest FWD when used with
the 9 Kip load produces approximately 82 psi which is the
contact pressure of most tractor-trailer truck tires. In
comparison to other FWD’s the Dynatest FWD has one of the
smallest measurement of error and one of the shortest test
times on a per measurement basis (1). Contacts with Kaub for
competitive bidding yielded no alternative bid against the
Dynatest equipment so the choice was made to purchase a
Dynatest Model 8000 FWD to use for this evaluation. It was

received December 7, 1988.

The major additions to the standard Dynatest Model 8000 FWD
were: an automated air thermometer, an automated surface
thermometer, a distance measuring instrument (DMI), and
updating of the Dynatest Field Program used in data

collection.

Preceding page blank






FWD FIELD TESTING PROCEDURE

When performing FWD testing for the Strategic Highway
Research Program (SHRP) Long Term Pavement Performance
(LTPP) program the tests will be in accordance with the
Manual for FWD Testing in the LTPP Program (2). Testing for
MoDOT, to obtain inventory and project level information,

will be conducted as follows.

1. INTERVAL & LOCATION

The test interval for deflection basin tests will be every
0.25 mile on full depth flexible pavements, existing asphalt
concrete overlay of PCC pavements, and existing asphalt
concrete overlay of fractured PCCP slab. Deflection basin
tests on rigid pavements, such as full depth concrete and
existing bonded and unbonded concrete overlays, will be
tested at the mid panel of the slab nearest to the 0.25 mile
increment. And load transfer tests on the joints of rigid
pavement will be performed on the lead in joint which
accompanies the mid panel nearest to the 0.25 mile
increment. The location, for both flexible and rigid
pavement, of the test will be in the outer wheel path of the
driving lane. The 1993 AASHTO Guide For Design Of Pavement
Structures recommends testing intervals between 100 to 1,000
feet in the outer wheel path (3). ASTM D4695, Type II
testing routine, used in the determination of overlay
design, endorses a 100 to 500 foot interval for flexible
pavements and a 100 foot interval for rigid pavements both
in the outer wheel path. The Type I testing routine, used
for the general overview of the pavement’s condition,
endorses a 500 to 1000 foot test interval in the outer wheel
path (4). The proposed 0.25 mile increment location was
selected to coincide with 0.25 mile increment that is
presently used for friction testing of the pavements. This
slightly exceeds the recommended 1,000 foot interval, but is
best suited for our purpose. For test location repeatability



the test point intervals will be tied to the MHTD log mile
system.

2. DROP HEIGHT, ILOAD, AND SEQUENCE.

The drop pattern used for deflection basin tests will be
five drops from drop height number 2, which is equivalent to
a 9000 pound load, with the first two drops used for seating
and no data stored. Only the peak deflections will be
recorded, the deflection time history will not be recorded.
The 9000 pound load is recommended by the ASSHTO Design
Guide (3). In case of small amounts of debris on the
pavement the two seating drops are used to seat the buffer
pad and sensors to the pavement, which will reduce erroneous
data due to improperly seated sensors. The three recorded
drops for one test are used to reduce random error and to
check if deflection variance is within a 5% tolerance. ASTM
D4694 recommends at least two drops per test (4). The total
history will not be recorded because it consumes a large
amount of computer space and at this time is not essential
for the calculation of the structural capacity of the

pavement.

3. SENSOR SPACING

Sensor spacing for deflection basin tests will be in
accordance with the SHRP Manual for FWD Testing in the LTPP
Program. The sensor spacing for deflection basin testing is
0, 8, 12, 18, 24, 36, & 60 inches from the load plate. The
sensor numbers that correspond to the spacings are 1, 2, 3,
4, 5, 6, & 7 respectively. Deflection basin shape ranges
significantly from steep basins for weak flexible pavements
to shallow basins for stiff rigid pavements. The shape
varies most significantly within the first three feet of the
load plate therefore the first three feet contains the most
sensors (2). Sensor spacing for load transfer test, on rigid
pavement joints, will be in accordance with the SHRP Manual
and the AASHTO Pavement Design Guide. The sensor spacing
will be -12, 0, 12, 18, 24, 36, & 60 inches from the load



plate. The sensor numbers which correspond to the spacings
are 2, 1, 3, 4, 5, 6, & 7 respectively.

4. EXISTING PAVEMENT CROSS SECTION

Layer thickness data is one of the most important elements
relative to mechanistic analysis and mechanistic-empirical
design (5). The mechanistic-empirical equations in Chapter 5
of the 1993 AASHTO Design Guide require pavement thickness
to calculate Effective Structural Number (SNgrf) for
flexible pavements and Slab Thickness to Carry Future
Traffic (Df) for rigid pavements. Pavement layer thickness
can be determined from accurate construction data history
and/or representative core samples of the roadway structure.
When historic pavement layer information is used and the
validity of the backcalculated moduli, SNgff, Df, or overlay
thickness is suspect, core samples of the pavement should be
obtained to validate the actual in-situ thickness of the
pavement layers. Therefore, historical pavement cross
section data should be obtained before the pavement is to be

tested.

5. MATERIALS TESTING & PAVEMENT DISTRESS SURVEY

Materials testing and the pavement distress survey should be
performed. Materials testing shall be performed at one mile
increments when needed to verify historic cross section
data. The SHRP Distress Identification Manual will be used
to categorize and quantify distress types and conditions.
This condition survey is needed to determine the Effective
Slab Thickness (Df) on Asphalt Concrete over Portland Cement
Concrete Pavements (AC/PCCP) and Portland Cement Concrete
Pavements (PCCP). For full depth Asphalt Concrete (AC)
pavements, material testing and a pavement distress survey
should be performed to ascertain if the pavement has

stripping and serviceability problems.



6. AMBIENT ATR AND PAVEMENT SURFACE TEMPERATURE
Another very important parameter in mechanistic analysis and

mechanistic-empirical pavement overlay design is the AC mix
temperature. It is important because the Modulus Of
Elasticity of asphalt (Ez.) is temperature sensitive. There
are two ways to obtain the mid-depth pavement temperature of
flexible pavement layers. One way is to physically measure
the mid-depth temperature, and the other way is to estimate
it.

To physically measure the temperature, a one inch diameter
hole must be cored into the pavement to the approximate mid-
depth location. A non petroleum based fluid, other than
water, is placed in the bottom inch of the hole. A
temperature probe is inserted into the fluid and readings
are taken.

To estimate the mid-depth temperature, regression equations
and graphs generated from the research performed by H.F.
Southgate can be used (6). This estimation requires a 5 day
average air temperature, a pavement surface temperature, and
the mid-depth thickness. For MoDOT the 5 day average air
temperature can be obtained from the Project Office nearest
to the FWD testing. The pavément surface temperature can be
automatically recorded by an infrared thermometer mounted on
the FWD (3). See Appendix (A) for a graph of Ez. versus AC
temperature which was plotted using MoDOT asphalt mix values
and the Asphalt Institutes regression equation. Also see
Appendix (B), which is an excerpt from MoDOT Research
Investigation RI91-09A, for the 5 day average air plus
pavement surface temperature graphs and regression equations
to estimate the mean AC mix temperature.



7. WEATHER RESTRICTIONS

In FWD testing there are some weather restrictions that
should be adhered to in order to obtain accurate and

reliable data. The list is as follows:

1.

No testing when the subgrade is frozen, extremely low
deflections will result and erroneous data will be
collected.

To avoid joint interlock and slab curling, rigid
pavement should be tested when the ambient air
temperature is between 35 and 85 degrees Fahrenheit, or
on overcast days, or on nights when there is not
extreme temperature variations between night and day.
Testing should be avoided immediately after excessive
rainfall so water under the pavement has a chance to
dissipate.

Do not measure joint load transfer when the ambient air
temperature is greater than 85 degrees Fahrenheit (3).
When testing composite AC/PCC pavements, if the 5 day
average air temperature plus pavement surface
temperature is used to estimate the mean AC mix
temperature of an asphalt layer, discontinue this
procedure when the estimated mean temperature of the

‘mix is greater than 85 degrees F. After an AC

temperature of 85 degrees the mean asphalt temperature
should be obtained manually. This temperature
restriction was detetmined from MHTD Research
Investigation RI91-09A. Appendix C is an excerpt from
RI91-09A. (See Appendix C)



8. DATA COLLECTION FILE SIZE & FILE NAME CONVENTION
To be compatible Qith the computer program "DARWin",
developed by ERES Consultants Inc. for AASHTO, the FWD data
files shall be limited in size to 500 drops per file (7).
This will allow the use of the file at the project level. At
the inventory level, this will allow for approximately 40
miles of pavement to be tested at 3 drops per test at 0.25
mile increments. When testing rigid pavement two separate
FWD data collection files will be recorded. One for the
deflection basin test and one for the load transfer test.
This is due to the different sensor spacing set up,
different analysis of the data, and to stay compatible with
the "DARWin" program. Tentative file name convention will be
as follows:
1. The first six digits of the FWD data file will be the
Job or Project number which is being tested.
2. The last two digits will be designated DB for
deflection basin test or LT for load transfer test.

9. CALIBRATION

Relative Calibration of the sensors is performed on a
monthly basis in accordance with SHRP-P-652 guidelines and
the SHRP Software FWDCAL2. This process involves stacking
the deflection sensors in a special stand, so that all will
simultaneously measure the deflection of the pavement at the
same point. The differences in measured deflections are
addressed by assigning an appropriate multiplier for each
sensor so the deflection readings are the same for each
sensor (8).

Reference Calibration of the load cell is on an annual basis
in accordance with SHRP-P-652 protocol and SHRP Software
FWDREFLC program.

10



BACKCALCULATION PROCESS AND PROGRAMS

1. BASIC HISTORY

The origin of layered elastic theory is credited to V.J.
Boussinesq who published his work in 1885. He developed a
closed form mathematical solution for computing stresses and
deflections in a halfspace (soil) composed of homogeneous,
isotropic, and linear elastic material. His development was

for a single layer system under a point load (9). In this
approach, the stresses and deflections are calculated for a
point load applied to the surface of a deep soil mass.
Distance variables are expressed in terms of cylindrical
coordinates, in which distance from a point load on the

surface may be depicted as:
R? = r2 4+ z2

His equation for vertical deformation below the surface:

P(1l+u) 2(1-u) 22

= —— +
2(3.14)E R R3

u

At (z=0, R=r) the surface deflection equation results:

(1-u?)P
Ugyr = — —
3.14(B)xr
Where P = Applied Load
Uz, = Deformation
E = Modulus of Elasticity
3.14 = Pi
u = Poisson’s Ratio
r = Radial distance at which deformation is to be

calculated

11



Now let u = 0.50, dy = Uyy, and E = Resilient Modulus (M)
and the following AASHTO Equation for determining the
Resilient Modulus for AC overlays of full depth AC pavements

results in (3):

0.24P
My =
(dy) xr
Where M, = Backcalculated subgrade resilient modulus, psi
P = Applied load, pounds
dy = measured deflection at radial distance r, inches
r = radial distance at which deflection is measured,

inches

In 1926 Westergaard introduced the two layer system. In 1928
Love extended Boussinesq’s work to a circular load on an
elastic halfspace. In 1943 Burmister extended the one layer
solution for a circular load to a two layer solution. In
1949 Odemark developed an approximate solution to calculate
stress, strain{ and displacement in a layered system.
Odemark employed the concept of equivalent thickness,
described in 1940 by Barber, and developed an equation to
transform one layer of a multi-layer system into an
equivalent thickness of another layer. This transformed
section approach could then be applied in Boussineéq's
single layer system (9).

Odemark’s transformed section equation is as follows:

—1/3 Original Transformed
Eq 1-u22 x-sect. x-sect.
he = hy |— * >
Eo 1-uy h;,E;1, g = heg,Es, up
E2,u2 E21u2

12



It has been found that the best agreement with the exact
solution is obtained when the Poisson’s ratio is assumed to

be the same for both layers. The equation then reduces to:
1/3

he = by [5/52]

Boussinesq’s point load equation modified to approximate the
effects of a circular distributed load is as follows:

(1+u)p*a 1
dz = + (l-2u)[{1+(z/a)2}1/2 - z/a]
E {1+ (z/a)2}1/2
Where p = load plate pressure, psi
E = Modulus of Elasticity, psi
a = Plate radius, inches
z = Depth below surface, inches
u = Poisson’s ratio

Deflection, inches

These equations are the very basics of mechanistic
backcalculation. (See Appendix (D) For Examples)

The rest of the documentation of the AASHTO design
procedures, which employ derivations of Boussinesq’s and
Odemark’s equations, can be found in Appendix L of the 1993
ASSHTO Pavement Design Guide (3).

13



2. AVATILABLE SOFTWARE PROGRAMS
In 1951 Acum and Fox gave a solution for a three layer

system. In the early 1950’'s the finite element method was

introduced. In 1961 Jones and Peattie gave a solution for a
three layer system. In 1963 commercial programs for five
layer solution. In the 1970's widespread use of the layered
theory was developed on main frame computers. And, in the
1980’'s to the 1990’'s personal computers are being used for
backcalculation (9).

There is a long list of programs that are now available for
the backcalculation of in-situ moduli of the pavement
structure. Each program has its advantages and
disadvantages. Some of the primary factors which make the

programs different are:

Convergence time/Calculation time
Accuracy of results

Analysis method

User friendly features

Capabilities

Number of layers which can be analyzed
Error check for accuracy of results
Seed Moduli

Software cost

Listed below are many of the backcalculation software
programs that are available today (9):

CHEVRON MODCOMP ELMOD/ELCON
BISAR ELSDEF EVERCALC
ELSYMS BISDEF WESDEF

WESS5 MODCOMP3 PADAL
CHEVDEF ISSEM4 COMDEF
MODULUS LOADRATE FPEDD1
ILLIPAVE RPEDD1 WESLEA,
MICH-PAV

14



3. PROGRAM SELECTION

The backcalculation programs which MoDOT evaluated in this
investigation were ELMOD/ELCON, and MODULUS. When MoDOT
purchased the Dynatest FWD, the backcalculation program
"ELMOD/ELCON" was also purchased. This program uses the
Odemark-Boussinesq Transformed Section approach employing a
Poisson’s ratio of 0.35 for all layers to compute the layer
moduli (10). The program "Modulus" was developed by a study
at TTI for the Texas DOT in 1991. Version 4.0 was a revision
to the original program made by TTI for the Texas DOT and
uses a program WES5, a linear elastic backcalculation
program, to compute standard deflection bowls based on user

input (11). It then uses a Hooke-Jeeves pattern search
logarithm to determine the best fit of a field deflection
bowl to the standard calculated deflection bowl.

A choice between programs "Elmod/Elcon" and "Modulus" had to
be made. The use of both would have created extensive
computer time and served no purpose but to confirm previous
reports that each program was acceptable. Three test
sections were selected and moduli values were computed using

each program.

There were limited indications that" Modulus" provided more
reasonable and consistent results, but the main reasons for
the choice of "Modulus" was that it allows a review of the
intermediate steps. The "MODULUS" program also produces
needed information to review the acceptability and
variability of the final modulus results. This information

includes:

Calculated vs. field deflections
Absolute sum of errors
Convexity of bowls
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Since there was not time to evaluate all of the available
programs, research relied on an evaluation of
backcalculation programs and procedure by SHRP. In a SHRP
evaluation, the "MODULUS" Program was selected as the
primary program to be used in the initial analysis of SHRP
deflection data (12).

4. GUIDELINES FOR USE OF BACKCALCULATION PROGRAM

The following guidelines for analysis of full depth AC
pavements, full depth concrete pavements, and composite
pavements (AC/PCCP) should be followed to obtain the best

results with the lowest absolute sum of errors.

ANALYSIS OF FULL DEPTH AC PAVEMENTS (9):

1. Accurate pavement thickness information must be
obtained from historical records or representative
core samples.

2. Estimate mean pavement temperature of the AC pavement
from 5 day average plus pavement surface temperature.
(See Appendix B)

3. From the estimated mean pavement temperature, calculate
an initial estimate of the Modulus of Elasticity of the
Asphalt (Ezc) by using the Asphalt Institute’s
Regression Equation. This is used to check the
reasonableness of the backcalculated Ez- value. (See

~ Appendix A)

4. Combine all flexible pavement layers. The'Eac of the
various bituminous mixes, (Ex: Bituminous Base &
Surface Mix), are so similar that the program can not
accurately distinguish the different layers.
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If an aggregate base is present, it may be combined
with the subgrade and the pavement can be analyzed as a
two layer system. This can be done when the base and
the subgrade have comparable material characteristics.
If a high Average Absolute Relative Difference

(ABS > 2%) and/or a high Root Mean Square Error

(RMS > 2.5%) is the result of combining the subgrade
and base, re-analyze the pavement as a three layer
system with the base as a separate layer (9). (Note:
Always use as few layers as possible)

The subgrade and/or base and subgrade combination, can
be analyzed as a 36 inch layer separate from the total
subgrade depth. This can be done because the first 36
inches of material under the pavement layer is the most

susceptible to seasonal changes.

ANALYSIS OF FULL DEPTH CONCRETE PAVEMENTS:

1.

Accurate pavement thickness information must be
obtained from historical records or representative core
samples.

If an aggregate base is present it may be combined with
the subgrade and the pavement can be analyzed as a two
layer system. This can be done when the base and the
subgrade have comparable material characteristics. If a
high Average Absolute Relative Difference (ABS > 2%)
and/or a high Root Mean Square Error (RMS > 2.5%) is
the result of combining the subgrade and base, re-
analyze the pavement as a three layer system with the
base as a separate layer (9). (Note: Always use as few

layers as possible)

ANALYSIS OF COMPOSITE PAVEMENTS AC/PCCP:

1.

Accurate pavement thickness information must be
obtained from historical records or representative core

samples.
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Estimate mean pavement temperature of the AC pavement
from 5 day average plus pavement surface temperature.
(See Appendix B)

From the estimated mean pavement temperature, calculate
an initial estimate of the Modulus of Elasticity of the
Asphalt (Ezc) by using the Asphalt Institute’s

- Regression Equation. (See Appendix)

Combine all flexible pavement layers. The Ez. of the
various bituminous mixeé, (Ex: Bituminous Base &
Surface Mix), are so similar that the program can not
accurately distinguish the different layers.

If the AC layer is less than 3 inches, fix the Modulus
Of Elasticity of this layer equal to the Ei. which was
estimated by the Asphalt Institute’s Regression
Equation in step 3.

If a thin layer of AC (2 inches or less) exists

beneath the PCCP, neglect the modulus of this layer and
combine its thickness with the underlying layer (13).
If an aggregate base is present, it may be combined
with the subgrade and the pavement can be analyzed as a
three layer system. If a high Average Absolute Relative
Difference (ABS > 2%) and/or a high Root Mean Square
Error (RMS > 2.5%) is the result of combining the
subgrade and base, re-analyze the pavement system as a
four layer system. This time combining the base and top
of subgrade into a 36 inch layer separate from the rest
of the subgrade. This is done to account for possible
changes in the subgrade modulus with depth due to
factors such as stress sensitivity of the subgrade
soil, varying moisture conditions, etc. (13). However,
if the total subgrade thickness is less than 72 inches
(due to the presence of a rigid layer) a single
subgrade layer is used. (Note: Always use as few layers

as possible)
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ceed Moduli and Poisson’s Ratio values used as input in the

"MODULUS" program are depicted in the table below (13).

Material Type Modulus Range Poisson’s
(ksi) Ratio

Concrete Pavement 1000 - 9000 0.15
Bituminous Pavement 200 - 3000 ' 0.35
Cement Stabilized Base 50 - 3000 0.20
Fractured PCC Slab 50 - 3000 0.30
Asphait Stabilized Base 10 - 1500 0.35.
Lime Stabilized Base 5 - 200 0.20
Granular Base 5 - 150 0.35
Cohesionless Subgrade 5 - 100 0.35
Cohesive Subgrade 5 - 100 0.45

General rules of thumb when using backcalculation programs.

1.

Use as few layers as possible to adequately define the
pavement system. ”

For full depth PCC pavements a two layer system is most
likely to provide the best results.

Avoid attempting to calculate moduli for thin layers.

. Use seed moduli and poisson’ ratio that are consistent

with the pavement condition and layers.
Gather historical pavement data or use pavement cores
to obtain accurate information on the pavement layer

thickness.
Attempt analysis with few iterations and wide limits

to identify possible solutions.

Evaluate the output critically before proceeding. High
ABS (ABS > 2%) and RMS (RMS > 2.5%) error levels
indicate that there is a problem with the analysis.
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8. Subgrade moduli are crifical to the rest of the
analysis. Check for rigid layer depth, if the outer
deflection is approximately 1 mil or less you can be
reasonably sure that a stiff layer is near the surface.

9. Watch for compensating layer effects.

5. REVIEW OF MODULUS PROGRAM
The following is a list of some of the advantages of the
MODULUS program.

1. Can analyze up to 4 layers of material.

Error check for accuracy of results.

Can input seed moduli and poison’s ratio.

Low software cost.

Ability to efficiently analyze large FWD data files.
Ability to print out FWD deflections and backcalculated

A U W N

moduli values for each test point.
7. Allows the user to easily review the results for

accuracy.

The following is a list of some of the disadvantages of the
MODULUS program.

1. The program is not very user friendly.

2. The program has the ability to take an FWD data file
and create a MODULUS OUT file with an .OUT extension
which is used as input into the MODULUS program. MHTD
personnel could not make this option work and ended up
writing it’s own program to create an OUT file with an

.OUT extension.
(See Appendix E for examples of the MODULUS program output)

The FWD deflections and the MODULUS data were considered for
use as an inventory tool, but a simpler means of depicting
the structural integrity of the pavement was devised. This
simpler method employs the use of defection bowl parameters,
such as the deflection under the load plate, the area of the
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defection bowl, and the radius of curvature of the
deflection bowl. These values can be stored in a data base
with graphic capabilities. The pavement design engineer will
then be able to graphically view the pavement’s deflection
bowl parameters versus the pavement'’s log mile location.
This will allow him/her to determine which sections of

pavement are structurally deficient.

REVIEW OF THE 1993 AASHTO GUIDE & DARWIN PROGRAM

The 1993 AASHTO Guide presents procedures to utilize non-
destructive testing deflection data in terms of evaluating
the in-situ structural capacity of pavements, evaluating
joint load transfer of rigid pavements, and evaluating void
detection at the joints of rigid pavement.

There are two approaches for the evaluation of in-situ
structural capacity of pavements using FWD NDT deflection
data. The first is the pavement layer moduli technique. The
objective of thié technique is to backcalculate layer moduli
for each individual layer of the pavement structure. Once
the layer moduli are calculated they are correlated to a
layer coefficient and the effective structural capacity of
the pavement can be calculated (Ex. SNeff = ai*dy + az*dsp) .
The second approach is the direct structural capacity
prediction technique. In this approach the maximum
deflection (at the load center) is viewed as having two
parameters, the structural capacity of the pavement and the
subgrade modulus. For the purpose of this report evaluation,
the direct structural capacity technique will be reviewed.
Detailed procedures of this technique are depicted in
chapter 5 of the AASHTO Guide (3).

21



1. DIRECT STRUCTURAL CAPACITY PREDICTION TECHNIQUE

The structural evaluation of the pavement differs depending
on the pavement type. For flexible pavement the subgrade
resilient modulus (My), effective pavement modulus (Ep), and
a direct estimate of SNgff of the pavement structure is
calculated from derivations of Boussinesq, Boussinesqg-
Odemark, and a combination of Odemark and an empirical Equal
Stiffness Approach equation respectively (3 & 14).

For rigid pavement the effective modulus of subgrade
reaction (effective k-value), the estimated modulus of
elasticity of the concrete (Epcc), and joint load transfer
efficiency can be calculated from deflections. The effective
modulus of subgrade and modulus of elasticity of the
concrete are calculated from a derivation of Westergaard-
Hall equations. These equations correlate the deflection
under the load plate and the cross sectional area of the
first 36 inches of the deflection bowl to the surface and
subgrade moduli (3). These in-situ values are then used to
determine the required slab thickness for future traffic
(Df) . The following rehabilitation techniques, that are
depicted in chapter 5 of the AASHTO Guide, employ the direct
structural capacity approach.

AC OVERLAY OF AC PAVEMENTS

1. Existing pavement design and construction.
Determine thickness, material type, and subgrade soil
data from construction history or coring.

2. Traffic analysis.
Determine accumulative ESAL’s in the design lane for
the design life of the project (W,g).

3. Condition surveys.
Define the distress types and severity.
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4. Deflection testing.

a)
b)

c)

Calculate subgrade resilient modulus (Mg).
Determi:.2 the AC mix temperature during deflection
testing. This may be measured directly or estimated
from 5 day average plus pavement surface
temperature. The mean AC mix temperature is needed
to apply the correct Temperature Adjustment Factor
to the FWD dg. The correction factor is used to
adjust deflection data to a standard 68° F to be
consistent with the procedure of new AC pavement
design.

Calculate the effective pavement modulus (Ep), then
use this Ep and the Mr found in step 4a to calculate
ae for checking if r is greater than or equal to

0.7a¢.

Coring and material testing.
To assess in-situ conditions of subgrade, base, and AC
layers. If backcalculated results are suspect, coring

and material testing will verify actual in-situ

conditions. '
Determination of required structural number for future
traffic (SNf).

a)

b)
c)
a)
e)

Design Mp is determined by applying a correction
factor to the backcalculated MR value. The
correction factor is needed to correlate the
backcalculated M to the lab M and to correlate to
the AASHO Road Test soil which was equal to
approximately 3000 psi. Recommended correction
factor C = 0.33.

Design present serviceability index (PSI) loss.
Overlay design reliability (R%).

Overall standard deviation (Sp).

Use Wqg which was determined in step 2.

Now to compute SNf use the above design inputs in
the flexible pavement design equation or the
nomograph in Part II, page II-32 Figure 3.1
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Determine the effective structural capacity of the
existing pavement (SNgff).

Calculate structural number for 6verlay.

SNo1 = SNf - SNeff

Calculate overlay thickness.

SNo1 = a3 * Doi

Complete procedure is in Chapter 5 of the AASHTO Guide
between pages III-95 to III-104 (3). See Appendix (F) for

examples of manual calculations using above procedure.

AC OVERLAY OF PCC PAVEMENTS

1.

Existing pavement design.

Existing slab thickness, type of load transfer device,

and type of shoulders.

Traffic analysis.

Determine accumulative ESAL’s in the design lane for

the design life of the project (W;g). '

Condition survey

Distress types and severity are measured and

categorized as an aid to determine the effective slab

thickness (Dgff) of the existing pavement in step 7.

Deflection testing.

a) Calculate effective dynamic k-value. This is the
dynamic bearing capacity of the subgrade and it can
be determined from the stiffness response, which is
the area of the deflection bowl between dp and dsg.

b) Calculate effective static k-value. This is the
static bearing capacity of the subgrade and it is
approximately one half of the dynamic k-value.

¢) Calculate the modulus of PCC slab (Epcc). This is
determined from the dynamic k-value and the area of
the deflection bowl between dg and dzg.

d) Determine the percent of joint load transfer (LT%).
This is used to estimate the joint load transfer

value (J).
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Coring and materials testing.

To assess in-situ conditions of subgrade, base, and PCC

layers. If backcalculated results are suspect, coring

and material testing will verify actual in-situ
conditions.

. Determine required slab thickness for future traffic

(Dg) .

a) Use effective static k-value which was determined in
step 4b.

b) Design present serviceability index (PSI) 1loss.

c) Use joint load transfer (J) which was determined in
step 4d.

d) Calculate PCC modulus of rupture of the existing
glab (S'c). This can be estimated from the
‘backcalculated Epcc-

e) Use Epcc as determined in step 4c.

f) Determine loss of support of existing slab (LS).
Joint corners that have loss of support may be
identified by using FWD deflection testing as
described in Chapter 3 (3.5.5 Use in Slab Void
Detection) of the AASHTO Guide. For overlay
thickness design assume a fully supported slab,
LS=0.

g) Overlay design reliability (R%).

H) Overall standard deviation (Sg).

I) Determine subdrainage capability of the existing
slab. In selecting this value, note that the poor
subdrainage situation at the AASHO Road Test would
be given a Coefficient of Drainage Cg=1.

J) Use estimated accumulative ESALs in the design lane
for the design life of the project (Wig) which was
found in step 2.

Now to compute Df use the above design inputs in the
rigid pavement design equation or the nomograph in
Part II, pages II-45 & II-46 Figure 3.7
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7. Determine effective slab thickness (Dgff) of existing
pavement. The information obtained from the condition
survey, which was performed in step 3, is used here to
determine the adjustment factors needed to reduce the
existing slab thickness to the effective slab
thickness.

a) Joint and crack adjustment factor (Fyc).
b) Durability adjustment factor (Fgyuy) -
c¢) Fatigue damage adjustment factor (Fggt).
d) Determine Dgff. ‘
Deff = Fjc * Fdur * Ffat * D
8. Determine overlay thickness (Doj) .

Dol = A*(Df-Deff)

Where A is a factor to convert PCCP thickness
deficiencies to AC overlay thickness.

A = 2.2233 + 0.0099(Df-Degg)2 - 0.1534 (Dg-Degf)
Complete procedure is in Chapter 5 of the AASHTO Guide

between pages III-115 to III-125 (3). See Appendix (F) for
examples of manual calculations using above procedure.
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AC OVERLAY OF AC/PCC PAVEMENTS

1.

Existing pavement design. .

Existing AC thickness, existing PCCP slab thickness,
type of load transfer in the PCCP slab, and type of
shoulders.

Traffic analysis.

Determine accumulative ESALs in the design lane for the
design life of the project (Wig).

Condition survey.

Distress types and severity are measured and
categorized és an aid to determine the effective slab

thickness (Dgff) of the existing pavement in step 7.

. Deflection testing.

a) Temperature of the AC mix. The mean temperature of
the AC pavement layer may be obtained by either
direct measurement or by estimation. The AC
temperature is needed to estimate the Eyzc and
compression of the AC layer during the time of
testing. ,

b) Elastic modulus of AC. The elastic modulus of the AC
(Egc) may be determined from the estimated AC
temperature and the Asphalt Institute’s Regression
Equation or by diametral resilient modulus testing
of AC cores in the lab.

c) Effective dynamic k-value beneath PCCP slab. First
the compression of the AC 1ayér is calculated and
subtracted from the total FWD dg. The remaining
deflection is caused by the PCCP slab and the
subgrade. The dynamic k-value is then determined
from the Areapce of the deflection bowl between dy
and d3g which was caused by the PCC and subgrade.

d) Effective static k-value. Calculate effective static
k-value. This is the static bearing capacity of the
subgrade and it is approximately one half of the

dynamic k-value.
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e) Elastic modulus of PCCP slab (Epgc). Calculate the
modulus of PCCP slab (Epcc) . This is determined from
the dynamic k-value and the Areapcc of the
deflection bowl between dg and dig.

f) Joint load transfer. Determine the percent of joint
load transfer (LT%). This is used to estimate the
joint load transfer value (J).

Coring and material testing.

To assess in-situ conditions of subgrade, base, and PCC

layers. If backcalculated results are suspect, coring

and material testing will verify actual in-situ
conditions.

Determine required slab thickness for future traffic

(Df) .
a) Use effective static k-value which was determined in
step 44d.

b) Design present serviceability index (PSI) loss.

c) Use joint load transfer (J) which was determined in
step 4f.

d) Calculate PCC modulus of rupture of the existing
slab (S’o). This can be estimated from the
backcalculated Epcc-

e) Use Epcc as determined in step 4e.

f) Determine loss of support of existing slab (LS).
Joint corners that have loss of support may be
identified by using FWD deflection testing as
described in Chapter 3 (3.5.5 Use in Slab Void
Detection) of the ASSHTO Guide. For overlay
thickness design assume a fully supported slab,
LS=0.

g) Overlay design reliability (R%).

h) Overall standard deviation (Sg).

i) Determine subdrainage capability of the existing
slab. In selecting this value, note that the poor
subdrainage situation at the AASHO Road Test would
be given a was Coefficient of Drainage Cg=1.
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j) Use estimated accumulative ESALs in the design lane
for the design life of the project (Wig) which was
found in step 2.
Now to compute Df use the above design inputs in the
rigid pavement design equation or the nomograph in
Part II, pages II-45 & II-46 Figure 3.7
7. Determine effective slab thickness (Dgff) of existing
pavement. The information obtained from the condition
survey, which was performed in step 3, is used here to
determine the adjustment factors needed to reduce the
existing slab thickness to the effective slab
thickness.
a) Joint and crack adjustment factor (Fjc).
b) Durability adjustment factor (Fgur) -
¢) AC quality adjustment factor (Fzc).
d) Determine Dgff.
Deff = (Dpec * Fjc * Faur) + ((Dac/2) * Fac)
8. Determine overlay thickness (Dg3) -

Do1 = A*(Df-Deff)

Where A is a factor to convert PCC thickness
deficiencies to AC overlay thickness.

A = 2.2233 + 0.0099 (Dg-Deff)2 - 0.1534 (Dg-Defs)
Complete procedure is in Chapter 5 of the AASHTO Guide

between pages III-128 to III-135 (3). See Appendix (F) for
examples of manual calculations using above procedure.
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2

. REVIEW OF THE DARWin PROGRAM

The DARWin Pavement Design System program was developed for
AASHTO by ERES Consultants Inc. of Savoy, Illinois. The only
portion of the program that was used for this report was the
Overlay Design Procedure. The Overlay Design Procedure
employs NDT deflections as an alternate method to calculate
overlay thickness. This portion of the program, as with all
other parts of the program, employs the design procedures
and equations that are found in the 1993 AASHTO Design
Guide. To use the overlay design procedure, follow the

sequence listed below (7).

1.
2.
3.

Select the type of overlay to be designed.

Select structural capacity for future traffic.

Input future 18-kip ESALs over design period, initial
serviceability, terminal serviceability, reliability
level, and overall standard deviation. These values are
for AC overlay of AC pavement, for AC overlay of PCC
pavement or AC overlay of AC/PCC the user must also
input joint load transfer and overall coefficient of
drainage.

Backcalculate material moduli values using FWD
deflection data. A choice is available to use either
point-by-point or a uniform section procedure.

. Apply seasonal correction to subgrade resilient modulus

or static k-value if FWD deflection data for different

~ seasons is available.

Estimate joint load transfer for existing PCC or AC/PCC
pavements by calculating point-by-point or uniform
section deflection load transfer efficiency. '

. Determine the effective structural capacity of the

existing pavement. For AC overlay of AC pavements three
options are given: component analysis method, remaining
life method, and NDT method. For AC overlay of PCC
pavements two options are available: condition survey
method and remaining life method. For AC overlay of
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AC/PCC pavements the only method available is the

condition survey.

. Determine the overlay structural capacity by using the

calculated future and effective structural capacities.
The user may use any or all of the available existing
pavement evaluation methods.

Select specified layer design, optimized layer design,
or overlay layer information, depending on the type of
overlay, to determine the overlay design thickness.

Complete procedure is in the DARWin Pavement Design System
User’s Guide (7). See Appendix (F) for examples of
DARWin output using the above procedure.

As with all programs there are associated advantages and

disadvantages (7).
The advantages of the program are as follows:

a)
b)
c)
d)

e)

User friendly

Technically accurate

Ability to accept FWD data collection files

Ability to provide point-by-point or uniform section
analysis of FWD NDT deflection data.

Can calculate, display, and print all of the overlay
design factors associated with the FWD NDT deflections
and backcalculation. For flexible pavements these
values are the Resilient modulus (MR), Effective
Pavement Modulus (Ep), Effective Structural Number of
existing pavement (SNgff), Required Structural Number
for future traffic (SNg), and Depth of Overlay (Do3).
For rigid pavements these values are the Effective
Static k, Modulus of Elasticity of the existing PCC
slab (Epcc) s Modulus of Rupture of the existing PCC
slab (S’'g), Joint Load Transfer (LT%), Required Slab
Thickness for Future Traffic (Dg), and Depth of
Overlay (Do1) -
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f) Ability to calculate Effective Resilient Modulus
(MRerr) and Effective Modulus Of Subgrade Reaction
(keff) . These soil bearing capacity values take into
account the seasonal variations in the subgrade
conditions. These procedures are on pages II-12 to II-
l6 and II-37 to II-44 of the 1993 AASHTO Design Guide.

g) Ability to calculate joint load transfer efficiencies
either by uniform section or point-by-point analysis.

h) An excellent tool for analyzing pavement at a project

level.

The disadvantages of the program are as follows:

a) In the point-by-point process deflection data must be
entered manually for each particular test point,
consequentially disabling the program in its capability
to be used at an inventory level.

b) The uniform section procedure allows analysis of an
entire FWD data collection file. The file name is
entered as input and then the program backcalculates
the average moduli, -calculates the average structural
capacity, and calculates average overlay thickness. The
advantage of this process is that the program has the
ability to accept FWD data files and make all of the
needed calculations without manual input of each test
point. This works well as long as the test points in
the file are fairly uniform. If the file contains
multiple sections of different uniformity that will
require variable overlay thickness, the average of
the sections will produce an inferior overlay in the
weaker section and an over designed overlay in the

stronger section.
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c) The program was found to be accurate in estimating the
in-situ structural capacity of full depth rigid or
flexible pavements, but is sometimes inaccurate when
estimating the structural capacity of composite
pavements (AC/PCCP). The program, as well as the
equations it was based on, do not accurately estimate
the amount of deflection/compression which is
contributed by each layer of the composite pavement.

A problem lies with the program'é inability to provide and
print a graphical representation of the test point
locations, represented on the x-axis as stationing or log
miles, versus the FWD Dy, subgrade bearing capacity (Mg) or
static k-value, and/or effective structural capacity, on the
y-axis. This would allow the user to determine where the
uniform sections are within an FWD data file. Another
problem is that the program does not have the ability to
analyze a particular section within an FWD data file. That
is, the user can not analyze a pavement between the station
limits which make up the uniform section. The program can
only analyze the whole file.

This also disables the program in its use at the inventory

level.

Preceding page blank
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STRUCTURAL CAPACITY OF IN SERVICE PAVEMENTS

1. Comparison Of Modulus And DARWin Results

Calculating the structural capacity of in-service pavements
and the rehabilitative overlay thickness to correct
structural deficiencies can be accomplished by using the
design equations in Chapter Five of the AASHTO Design Guide.
The "DARWin" program utilizes these design equations and is
a quick and efficient way to accomplish this task. The
DARWin program can be used effectively at the project level

but is inadequate at the inventory level.

The "Modulus" program has the ability to backcalculate
moduli layers, which can provide an indication of the
pavement’s structural capacity, but does not have the
ability to calculate the structural capacity or
rehabilitative overlay thickness. The Modulus program is a
good quantitative tool, but is inadequate at an inventory

and project level.

From investigating the use of deflection results, the
question arose if the backcalculated Modulus program values
could be employed in the AASHTO design equations, and if so,
would the resulting structural capacities and overlay
thickness be comparable to that generated by the AASHTO
design equations and the DARWin program? If the results are
comparable, there is then a correlation which may allow the
Modulus program to be used at the inventory level to depict
structurally deficient areas of roadway. The DARWin program
could then be used at the project level to accurately
calculate the structural capacity and overlay thickness for
the area of roadway which was found to be deficient.
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With this thought in mind the researcher decided to
calculate the structural capacity and required
rehabilitative overlay thickness manually with the AASHTO
Design equation’s, with the computer using the DARWin
program, and by using the Modulus program backcalculated
moduli layer values in the AASHTO Design equations. The
purpose of the manual calculations was to review the AASHTO
Design equations and familiarize the researcher with the
equations derivations and input variables. The use of the
DARWin program allowed the researcher to review the
program’s capabilities and user friendliness. This program
uses the 1993 AASHTO Design Equations in Chapter 5 of the
guide; From these two calculations a comparison and
confirmation of the manual results to the computer generated
results could be made. The purpose of tﬁe third procedure
was to see if backcalculated layer moduli values could be
used in the AASHTO Design equations. The researcher realized
that different layer moduli values would be obtained from
the different procedures.

Three different types of pavement structures were evaluated
for their existing structural capacity and required AC
overlay. The first type was full depth AC pavements, the
second type was an existing AC overlay of PCCP, and the
third type was full depth PCC pavements.

35



In the full depth AC pavement analysis, where the Modulus
program backcalculated layer moduli values were used in the
AASHTO Design equations, two variations on how to calculate
the Effective Structural Number (SNeff) for the AC pavements
were employed. The first way was to backcalculate the layer
moduli for each separate layer of the pavement structure.
This was accomplished by entering into the Modulus program
the corresponding thickness, poisson’s ratio, and seed
moduli range of values for each layer. In the design
analysis for AC overlay of AC pavements, D=depth of AC plus
base thickness and the Effective Pavement Modulus (Ep) is
the modulus of the AC and base combined. Since layer moduli
were calculated for each individual layer the researcher let
the backcalculated Egc=Ep and D=Dyc. The second way was to
combine the AC and base thickness into one layer, letting
D=D and Ep=Ep, then directly solve for the value of Ep.

In each means of analysis the first 36 inches of the
subgrade was analyzed as a separate layer. This approach to
analyzing the subgrade can be employed because the first 36
inches of the subgrade is the most susceptible to
environmental effects which seasonally alter its
characteristics. By analyzing the subgrade in this fashion
the researcher found the lowest backcalculation error
values, which is the best fit between the actual deflection
bowl and the theoretical deflection bowl. In this type of
subgrade analysis, if the depth to stiff layer is less than
10 feet, the Resilient Modulus (My) is equal to the value
determined for the first 36 inches. If the depth to the
stiff layer is greater than 10 feet then the My value is the
average of the first 36 inch value and the remaining depth

of subgrade value.
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The results show that the first method of analysis depicts
an effective structural capacity and overlay thickness which
best correlates to that which was calculated from uéing the
deflections in the AASHTO Design equations and DARWin
program. (See Appendix G for results). These limited results
show that the Modulus Program backcalculated layer moduli
value differ from the moduli values which were
backcalculated from the AASHTO Design equations. But, even
though the layer moduli values differ, the ending overlay

thickness is reasonably comparable.

Since one of the inabilities of the Modulus program is its
ability to accurately backcalculate thin layers, the
researcher deduced that the strength of materialé
characteristic of the 4 inch aggregate base layer was

inaccurate.

It seems that through compensating layer effects, the
Modulus Program allotted higher than expected values to the
AC layer modulus and the subgrade resilient modulus. These
higher than expected values came from the strength of the
base layer, which the program gave a lower than expected
value.

In the analysis of AC/PCC pavemenﬁs and full depth PCC
pavements, where the backcalculated Modulus program values
were used in the AASHTO Design equations, the Modulus
program Resilient Modulus (M,) value had to be converted to
a Bearing Capacity static k-value. This was accomplished by
first multiplying this dynamic M, value by 0.33 to give the
resulting Design M,.. The Design My was then divided by 19.4
to produce an estimated static k-value (3). (See Appendix G

for results)
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Again a comparison was made with the results obtained from
using the FWD deflections in the AASHTO design equations and
DARWin program, to the results obtained from using the
Modulus program backcalculated layer moduli values in the
AASHTO design equations. (See Appendix G for results). The
results again show overlay thickness which are reasonably
comparable. The future depth thickness (Df), which is
indicative of the structural capacity of AC/PCC and PCC
pavements, is also reasonably comparable.

Therefore since they are reasonably comparable, the Modulus
program values could be used in the DARWin program to more
accurate estimate the structural capacity of composite

pavements.

Preceding page blank
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TENTATIVE IMPLEMENTATION OF SUBSEQUENT KNOWLEDGE

1. INVENTORY & PROJECT LEVEL

As an inventory tool, the deflection data from the FWD can
be used in a data base program which should be designed to
calculate key deflection bowl parameters. Such deflection
bowl parameters as; the deflection under the load plate, the
area of the deflection bowl, and the radius of curvature of
the deflection bowl should be incorporated into this data
base program. This data base should have graphical
capabilities which will enable the user to graphically
display these key structural indicators versus log mile or
station of roadway. (See Appendix H for example of graphical

representation)

A data base file of this type could be incorporated into the
Pavement Management System (PMS). This structural
information when coupled with serviceability information,
such as International Roughness Index, Skid Resistance,
Distress Index, etc., will allow the pavement design
engineer to see if the roadway has structural deficiencies,
functional deficiencies, and/or both. This will provide the
pavement design engineer a tool for determining the most
appropriate rehabilitation process for the pavement. This
will lead to a more effective use of resources. Also, this
type of data base, when updated on a systematic schedule
over an extended period of time, can depict a pavement’s
performance and deterioration curve. This may also lead to
pavement performance modeling and the subsequent prediction
of the next rehabilitative measure.
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From this graphical representation, the pavement design
engineer can identify uniform areas of structural
deficiencies. Once these areas are located, the FWD file
containing this information can then be used in the DARWin
program to calculate the structural capacity and needed

overlay thickness for rehabilitation.

2. SHORTCOMINGS OF THE IMPLEMENTATION ENDEAVOR

If the DARWin program had the capability to calculate and
graphically plot, for each test location, the structural
elements of a pavement (such as Dg, My, Ep, and SNeff for
full depth AC pavements and Kgtat, Epcecs Df, and LT% for PCC
and AC/PCC pavements) versus log mile or station, and then
print this information to a file, it could be extracted and
exported to a data base in the PMS. If it also had the
capability to evaluate specific sections of an FWD data file
(once a uniform section of structural deficiency is located
from the graphical analysis, the limits of the deficiency
can be analyzed separate from the rest of the FWD file) most
of the inadequacies of implementation would be solved.

The researcher opted to use the DARWin program as an example
because it is a good program, it follows Chapter 5 of the
AASHTO Design Guide, and is an excellent tool at the project
level. But if the above mentioned inadequacies were
corrected, this program would also make a excellent tool at

the inventory level.
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At the present time tentative implementation procedures
should start with the design of the before mentioned data
base for use at the inventory level ahd the DARWin program
at the project level. Some of the shortcomings which need to

be overcome are listed below:

Set up a data base with graphical capabilities which
could ultimately be incorporated into a Pavement

Management System.

The data base program should incorporate a scanning
procedure which will allow the pavement design engineer
to scan large segments of pavement. This scanning
should be set up to detect structurally deficient

segments of pavement.

Write a program which can calculate the percent of load
transfer (LT%) of PCCP joints and export results to the
data base.

Once a uniform section of structural deficiency is
located from the graphical analysis and scanning
procedure, a program will be needed to extract from an
FWD file the limits of the uniform section. This is
needed so this uniform section can be analyzed by the

DARWin program.

At this time these tasks are incomplete. They will be
tedious and time consuming but well worth the effort. The
researcher needs to constantly review the latest innovations
in the area of implementing the use of FWD deflection data
at the inventory level. From this review a better means of
implementation may arise. Until then this‘implementation

procedure will be pursued.
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CONCLUSIONS

. The Falling Weight Deflectometer (FWD) is best suited

for MoDOT’s needs in determining the structural
condition of in-service pavements from Non-Destructive

Testing (NDT) deflectioms.

. The use of the FWD to evaluate the changing structural

condition of test sections is a valuable tool in the
continued research of differing pavement types and

rehabilitative construction techniques.

The use of the FWD and the determination of the needed

values from testing are not completely standardized.

. The backcalculation of the moduli values of pavement

layers can be accomplished with the program "Modulus”.

A data base program should be constructed to calculate
and store key deflection bowl parameters. These key
deflection bowl parameters should include the
deflection under the load plate, the area of the
deflection bowl, and the radius of curvature of the
deflection bowl. This data base should have graphical
capabilities which will allow the pavement design
engineer to graphically display these key deflection
bowl parameters versus the log mile of the pavement.
This data base should also have a scanning mechanism
which will allow the pavement design engineer to scan
large segments of pavement for structurally deficient
sections. This data base should be structured so it can
be inevitably incorporated into a Pavement Management

System (PMS).
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The effective structural capacity of the pavement can
be estimated using the 1993 AASHTO Pavement Design
Guide andvthe pavement design program "DARWin". The
DARWin program can be used to analyze pavements at

and to calculate a required rehabilitative overlay
thickness at the project level. One word of caution;
the program, as well as the equations it is based on,
sometimes yield erroneous result in the analysis of
composite pavements (AC/PCCP). This is due to the
amount of deflection/compression which assigned to the
PCCP and the AC layer.

MoDOT should not consider this topic completely
evaluated. There are daily changes in Non-Destructive
Testing (NDT) equipment and the processes that use the
FWD’'e output. Further improvements on mechanistic-
empirical analysis and design from NDT data is
inevitable. And, a simpler means to incorporate NDT
results into a PMS system will surely be innovated.

Since its infancy, the FWD and the backcalculation
process/procedures have evolved to the point where
usable information on the structural capacity of
in-service pavements can be obtained.
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RECOMMENDATIONS

MoDOT should institute a testing program with the FWD
that would provide both a combination of inventory and
project level information. The interstate and primary
routes should all be tested and the data inventoried

into a data base with graphical capabilities.

This testing program should be on a two year interval

and conducted as outlined in this report.

The use of the FWD and the computation of the needed
output from the FWD should remain in the control of
someone familiar with the entire process and its

shortcomings.

MoDOT should continue to use the Dynatest FWD to
promote data uniformity and staff familiarity with the

equipment and its expected results.

MoDOT should establish its own absolute calibration
center if more FWD units are purchased.

MoDOT should continually review changes in this field

and use any collected information, internal or
external, to update the proposed process.
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At the present time tentative implementation procedures
should start with the design of the before mentioned data
base for use at the inventory level and the DARWin program
at the project level. Some of the shortcomings which need to

be overcome are listed below:

Set up a data base with graphical capabilities which
could ultimately be incorporated into a Pavement

Management System.

The data base program should incorporate a scanning
procedure which will allow the pavement design engineer
to scan large segments of pavement. This scanning
should be set up to detect structurally deficient

segments of pavement.

Write a program which can calculate the percent of load
transfer (LT%) of PCCP joints and export results to the
data base.

Once a uniform section of structural deficiency is
located from the graphical analysis and scanning
procedure, a program will be needed to extract from an
FWD file the limits of the uniform section. This is
needed so this uniform section can be analyzed by the
DARWin program.
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Appendices

Graph of Ey. versus Asphalt Temperature which was
plotted using average MoDOT mix values and the Asphalt

Institutes Regression Equation.

Graphs and regression equations to estimate mean AC mix
temperature from the past 5 day average air temperature
plus the present pavement surface temperature. Graphs
were constructed from MoDOT pavement data following

H.F. Southgate’s procedure (6).:
Graph of AC temperature versus AC layer compression.

Example of backcalculation using Boussinesq & Odemark’s

equations.
Examples of MODULUS program output.

Examples of manual calculations to determine overlay
thickness using NDT deflection data and the Chapter 5
AASHTO Design Guide and the accompanying DARWin program

results.

Comparison of MODULUS backcalculated data, manual
backcalculated data from following Chapter 5 AASHTO
Design Guide procedure, and DARWin program data.

Example of graphical representation of the pavements

structural elements verses log mile or station.
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APPENDIX A






From the Asphalt Institute Regression Equation, the modulus
of elasticity of an asphalt mix can be estimated from the
mix properties and mix temperature. This equation was
employed by inserting MoDOT average mix property values into
the equation. The temperature was then varied between 30 and
120 degrees F at 5 degree increments. These values were
plotted to form a graph of AC Modulus Of Elasticity versus

AC Mix Temperature.

As part of the NDT data collection procedure, the ambient
air temperature, pavement surface temperature, and previous
past 5 days average temperature are recorded. From this
information the mix temperature of the asphalt can be
estimated. And from the estimated mix temperature the
estimated modulus of elasticity of the AC can be obtained

from the graph.

From this, the researcher and/or pavement engineer has a
general ideal of what the backcalculated modulus of
elasticity of the AC pavement should be. Note that this is
just a ball park figure because the backcalculated results
will differ depending on how the particular backcalculation
program assigns its strengths to the layers. But this is a
good way to check the backcalculated output, because the
results are usually in a general proximity of each other. If
the resultes are not similar, this indicates either bad
‘temperature information or bad thickness information on the

AC pavement.



Below is the Asphalt Institute Equation and a list of the MHTD mix properties used.

P
log E, =5.553833 +o.ozssz9(;ﬁ;§)- 0.03476V,

+0.070377n +0.000005¢ (204FkeF) p 03

T0deg reesF,10%

1
+0.93 l757(w)

where:
E4¢ = elastic modulus of AC, psi (unknown)
P, = percent aggregate passing the No. 200 sieve (MHTD = 6%)
F = loading frequency (MHTD = 18 Hz)
Vy = air voids, percent (MHTD = 5%))
Nodegrees 108 = absolute viscosity at 70 degrees F, 106 poise (MHTD = 2)
Pac = asphalt content, percent by weight of mix (MHTD = 6%)
tp= AC mix temperature, degrees F (varied)

After inserting the MHTD average mix properties, the resulting equation is as follows:

log|E| = 6.486476-1.8038865*10 *7, ¥4
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APPENDIX B






In the AASHTO Design Guide, one of the suggested means to
estimate the AC pavement temperature is from the pavement
surface temperature plus previous 5 day average air
temperature which was developed by Southgate. As part of an
ongoing MoDOT study, Research Investigation RI91-09A
"Temperature Adjustment Factors For Falling Weight
Deflectometer Deflections On Full Depth Asphalt Concrete
Pavements", Southgate’s methodology was followed to create
AC pavement temperature estimations for MoDOT pavements. By
using temperature information that had been collected from
SPS-6 and 9 Monthly testing sites, the researchers wanted to

see if Southgate’s results were reproducible.

Our research came up with good results. The following
regression equations and graphs can be used to estimate the
AC pavement temperature. The researcher is satisfied that
Southgate’s methodology is valid and reproducible; One of
the FWD data collection programs employs Southgate’s
regression equations to calculate the AC mix temperature.
Therefore, the FWD data collection program which employs
Southgate’s regression equation will be used at this time.
There is ongoing research by other organizations in this
same area which could produce even a better means to

estimate AC mix temperature.



Regression values for 5§ day average + surface temperature vs. depth temperature
(Asphalt pavement temperatures.)

Estimated linear regression equation: Y*=m*X+Db

X = 5 Day average + surface temperature

Y = Depth temperature

Mean
Sample Significant Sq. Error  SqRt(MSE)
Variabie: Size n: F-value: Prob. > F: (Y/N): Rsquare: MSE: S{y.x):
Temp1 30 242,68 0] Y 0.8966 57.95516 7.612829
Temp?2 132 1267.5 0 Y 0.907 30.62344 5.533845
Temp3 56 163.22 0 Y 0.7514 40.06890 6.330000
Temp4 125 947.5 0 Y 0.8851 28.48441 5.337078
Temp5 32 683.99 0 Y 0.958 14.97158 3.869313
Temp6 31 414.9 0 Y 0.9347 17.90409 4.231323
Temp7 98 962.84 0 Y 0.9093 21.13139 4.596889
Temp8 27 139.09 0 Y 0.8476 16.31185 4.038794
Temp9 12 170.74 0 Y 0.9447 25.42144 5.041968
Temp11 13 18.01 0.0014 Y 0.6208 13.68139 3.698836
b m Std. Err. Significant

Variable: Y—int.: Slope: Coeff.(m): T-value: Prob.> T: (Y/N):
Temp1 2.151643 0.548537 0.035211 15.57827 0 Y
Temp2 —0.48153 0.577301 0.016215 35.60181 0 Y
Temp3 —1.88034 0563716 0.044124 12.77571 0 Y

emp4 —4.02543 0.582710 0.018930 30.78141 0 Y
Temp5 —0.36269 0.528364 0.020202 26.15316 0 Y
Temp6 - 4724505 0.490000 0.024056 20.36915 o] Y
Temp7 —1.22778 0.545164 0.017569 31.02954 0 Y
Temp8 —0.63232 0.514906 0.043659 11.79378 0 Y
Temp9 —0.16731 0.513581 0.039304 13.06674 0 Y

Temp11 7.420474 0.441511 0.104030 4.244042 0.001 Y

B2



‘adnjedadwa) adeyuns + abeuaae Aep aatl4

dwa)

mwm owm mm« omﬂ mwﬂ owﬂ mN Jm mN

O

dwa| yidag .6

dwa] wdag .G

dwd| yidaQ .1

A\

dwa] yidag .t
dwa] yidaQ .c

'syjdap yaut g 9 ‘£ ‘6 ‘£ ‘I }e saunjedadwa) SNSJIA
aunjeJdadwa) adejdns + abeuane Aep aAly Joj saut[ uotssaubay

Ge
0S
6L
001
GCl
0S1
GLY
002

STA4

pdwa) pue ‘sdws) ‘cdwa; ‘Edwa] ‘tdwaj]
'sSyidap yaut g 8 ‘2 ‘e ‘g ‘Tt 3e saudniedadws]

B3



‘adnieyadwa} adeyuns + abeuase Aep aAtl4

dwa|

mwm owm mmﬁ omﬂ mwﬂ owﬁ mm ﬁm mm

—O

dwa] yideQ .8

H

dwaj yidaqg .9

dwaj yidag .1}

i

dwaj uidag .

dwa] yidag .p o

'syydap youl [ 8 ‘B ‘9 ‘v ‘2 1e sadnjedadwa) SNSJaBA
aJnjeJadwa) aJejuns + abeuaae Aep aAty Jojy Saull uotssadbay

Gc
0S
GL
007
Gel
061
GLY
00¢
Géc

TTdwa)] pue ‘gdwa)] ‘gdwa) ‘pdwa)] ‘zdwa]
"syl3dap uyout 11T 8 ‘B ‘9 ‘v ‘2 3e saduniedaduwal

B4



APPENDIX C






The method used to calculate the amount of asphalt concrete compression was based on
Boussinesq's one layer system as well as on the theory of equivalent thickness presented
by Odemark. Initially, Boussinesq's one layer system alone was used to find deflections.
In 1885, Boussinesq developed a solution for computing stresses and deflections in a
halfspace (soil) composed of homogeneous, isotropic and linearly elastic material. This
solution was based on a point loading, and in 1928, Love adapted his solution for a

circular load. (5) The equation below is for deflection at depth z:

+ 2
d,=(l U)Pﬂ 1 +(1_2u) l+(£) _i >
E ’ ( z )1 a) a
1+] -
[V \a )

where:

p = plate pressure (ksi) z = depth below pavement surface (inches)
E = elastic modulus (ksi) u = Poisson's ratio

a = plate radius (inches)
This method shows the theoretical amount of compression the AC layer is subjected to
due to different AC temperatures and layer depths. As can be seen in the table and graph
on the next page, it is an exponential curve and at the +/- 85 degrees Fahrenheit range, the
amount of compression becomes greater and greater. Therefore, once the estimated mix
temperature becomes greater than 85 degrees Fahreneheit, the AC mix temperatures
should be taken manually.

This is especially applicable to testing on AC/PCC pavements. When the
AASHTO Design Guide (Chapter 5) discusses the rehabilitation of AC/PCC pavements, it
states that the compression of the AC layer is estimated and subtracted from the D(0)
total, résulting in the remaining deflection cause by the PCCP.
+D,

O pocr neriacrion

D°nm = D°¢m

The accuracy of the estimated E(ac) is then pertinent to the resulting E(pcc) value.

Cl



12

Boussinesq AC Compression

at9kpsanda =59

K] & 7 AC depth

E o 4° AC depth

% 4 6 AC depth

§ B & AC depth

© 107 AC desth
g #& 127 AC depth
1
130 150
Bousinessq Method
for Center of Plate AC Compression
C Compression at Depth
2inches |4 inches |6 inches 8 inches 10 inches |12 inches
t(p) E(ac) }(mils) (mils) (mils) (mils) (mils) (mils)
(deg. F) (psi)

0|3.065E+06 0.0295 0.0870 0.1018 0.1300 0.1518 0.1687
513.037E+06 0.0298 0.0876 0.1027 0.1312 0.1632 0.1703
1012.960E+06 0.0305 0.0694 0.1054 0.1346 0.1572 0.1747
15]2.840E+06 0.0318 0.0723 0.1089 0.1403 0.1639 0.1821
20{2.684E+06 0.0337 0.0765 0.1163 0.1485 0.1734 0.1927
25{2.499E+06 0.0362 0.0822 0.1249 0.1594 0.1862 0.2070
30{2.293E+06 0.0394 0.0885 0.1381 0.1737 0.2020 0.2255
35]2.075E+06 0.0436 0.0980 0.1504 0.1920 0.2243 0.2403
40| 1.850E+06 0.0488 0.1110 0.1687 0.2153 0.2515 0.2795
4511.627E+06 0.0555 0.1262 0.1918 0.2448 0.2880 0.3178
50| 1.411E+06 0.0640 0.1455 0.2211 0.2823 0.3208 0.3665
55]1.207E+06 0.0749 0.1701 0.2585 0.3301 0.3855 0.4285
60| 1.018E+06 0.0887 0.2016 0.3064 0.3912 0.4570 0.5079
65|8.476E+05 0.1066 0.2423 0.3682 0.4701 0.5491 0.6102
68|7.542E+05 0.1198 0.272 0.4138 0.5282 0.6170 0.6858
70{6.959E+05 0.1208 0.2051 0.4484 0.5725 0.6687 0.7432
7515.637E+05 0.1603 0.3642 0.5536 0.7068 0.8255 0.9175
801{4.506E+05{* 0.2006 0.4557 0.6928 0.8843 1.0329 1.1479
85|3.554E+05 0.2543 0.5778 0.8782 1.1212 1.3096 1.4555
80|2.766E+05 0.3268 0.7424 1.1284 1.4406 1.6828 1.8702
85 (2.124E+05 0.4255 0.8667 1.4682 1.8757 2.1910 2.4350
4100} 1.610E+05 0.5613 1.2763 1.9383 2.4748 2.8908 3.2125
105]1.204E+05 0.7503 1.7048 2.5910 3.3078 3.8639 4.2942
110 8.893E+04 1.0162 2.3088 3.5000 4.4800 5.2329 5.8157
115|6.482E+04 1.3042 3.1679 4.8147 6.1469 7.1800 7.9796
120 | 4.663E+04 1.9380 4.4034 6.6925 8.5443 9.6803] 11.0819
12513.311E+04 2.7200 6.2008 0.4240 12.0316 14.0537| 15.6189
130{2.322E+04 3.8928 8.8447 13.4427 17.1623| 20.04668] 22.2783
135 1.607E+04 5.6247 12.7799 18.4236 24.7980| 28.9657| 32.1917




Appendix D depicts the use of Boussinesq’s point load
equation and Odemarks transformed section equation. These

two equations are the very basics of static mechanistic
backcalculation

APPENDIX D






Equivalent Thickness Transformation, different Poisson's ratio values for layers

An 11.8" diameter plate is loaded to 9000 Ibs. on a pavement which is composed of 8" of
A.C. with a mid-depth temperature of 68 degrees Fahrenheit, an E,. = 754,200 psi and
u=0.35. The subgrade M, = 10,000 psi and u = 0.45.

-~ -

_(1+u)s,a

2
d, Ll -2 1+(ﬁ) ]
E , (z)z a) a
1+ —
5 a .J
where:

d, = deflection at depth z

u = Poisson's ratio

E = strength Modulus of the layer
So = plate pressure

a = plate radius

z = depth deflection is measured at

I~
~—

_ plateload _ 9000 lbs.

= = =82.30 psi
% = platearea pi*(11.8)? 82.30 ps
4
(1+0.35)(82.30)(5.9)
=0" = +(]- = i = ]
atz=0" d_ 754,200 [1+(1-2(0.35))(1)] = 0.0011299 inches = 1.13 mils

2
atz=8" d_ =(l+°'3_2$§£°)‘5’9) ! - +(1-2(o.35))[ 1+(5—8-) 8)
e

d,, =0.000601inches = 0.601 mils

Compression of A.C.=d, -d, =113-0.601=0.5283 mils

D1



Equivalent Thickness

Where f = fudge factor for slippage between layers

~ ,5_ (1-0?) n,|754:200,1-(0.45°
h,=fh E, *m =(0.90)(8.0 )‘/ 10,000 *1_ (0.35)° =29.47

_ (1+0.45)(82.30)(5.9) 1 29.47Y 29.47
d,. = 10.000 — +(1-2(o.45))( 1+( 5 ) T J
] H( 5.9 ) ]

d, .. =0.01452inch =14.52 mils

drore, =d 4 +d . =0.5283+14.52 =15.05 mils



AASHTO method:

d, =1.5s,a

1

1-

1
8
+| —
1 (5.9

),

d, =1.5(82.30)(5.9)

osol|

2
59

NOTE: Since there is no base,
Temperature Adjustment Factor to d,

5 +
754,200
10,000

754,200

- 1=0.012917 inches = 12.92 mils

= Eqg, and since AC is at 68°F, there is no

D3



Equivalent Thickness Transformation, same Poisson's ratio values for layers

asphalt layer transformed to subgrade material

754,200
= Q% 2 = "
h =8 10,000 33.80
- -
+0.35)(82.30)(5.9 1 (33.80)% 33
d _ (1+0.35)(82.30)(5.9) +(1-2(0.35)) 1+(3 o) _33.80
3100 10,000 33.80\? 5.9 59
1+
i ( 5.9 ) |

d,... =0.0129756 inches = 12.9756 mils

drorar =duc +d 0, = 0.5283 (found previously) +12.9756 = 13.50 mils



Another Example of Equivalent Thickness using same Poisson's ratio for layers:

An 18" diameter plate is loaded to 18,000 Ibs. on an A.C. pavement over a subgrade. The
A.C. is 9" thick and has an E = 500,000 psi and u = 0.34. The subgrade M; = 10,000 psi
and u = 0.45. Calculate the center deflection.

Find the plate pressure:

_ Plateload 18,000

" platearea (pi*(]S)z
4

So

) =70.74 psi

Find the deﬂectiox_l at the surface of the A.C.:

2
g, =101 +(1-2"’[ “(i)]'i
E \/ 2\ a a
1+

a

at surface, z=0
_ (1+0.35)(70.74)(9)
=0 500,000

[1+(1-2(0.35))(1)] = 0.002235 inches = 2.235 mis

D5



Find the deflection at the bottom of the A.C. layer at z = 9"

- -
(1+0.35)(70.74)(9) 1 (9)’ (9)
= + - +] - -1
d, 500,000 ‘/T (1-2(0.35))| /1 5) -3
+(5)
i 9 |
d, =0.001429 inches = 1.429 mils
A.C. Compression = d, -d, =2.235-1.429=0.806 mils
Equivalent Thickness
Transform Section by, E ¥ =y
h, E u > o
Ez u, Ez v
,E
= *qf 71
where:

J = fudge factor for interface of layers to account for slippage
for the first structural interface, f= 0.90 for a two layer system

for a multi-layer system, f= 1.0 for the first interface, and /= 0.80 for all other
h; = original layer thickness
he = equivalent thickness

NOTE: Poisson's ratio is assumed to be the same for all layers (as Odemark assumed)

0
h, =(0.90)(9) 51%0’0 O(())O =29.84" equivalent thickness of asphalt

D6



Calculate the deflection at h,:

F -

_(1+0.35)(70.74)(9) 1 29.84Y 29.84
Do = 10,000 (29.84)2 +(1-2(o.35))( 1+( 5 ) 5 ]
1+

! 9 i

d, . =0.02862 inches = 28.62 mils

29

Total deflection = ,.-d,.)+d, . =0.806+28.62=29.43 mils = 0.2943 inches

D7






Appendix E depicts examples of the Modulus programs output
and how the results need to be reviewed for accuracy and
reasonableness.

APPENDIX E






e DT TESIEN. 826893

50(5‘1 8-0-439 TTI MODULUS ANALYSIS SYSTEM (SU!HéR%’ REPORT) iereion 4.2*-
District: 8 MOBULT RANGE{pei:
County: §4 Poek Thickness{in} Kinisua Maz:eut  Poisson Ratio Vaiues
Highway/Road:32 Pavezent: Ac 6.00 30,000 3,000,001 Bl w = .38
Lo 9.47 - LOG D-.ZO Base: A.G. 5.00 4,000 159,008 2 4 = 0.3
L L RO Subbase: swaeA. 36,00 4,000 80,000 B3 o= 0,40
Subgrade: INFINITY 31,800 Hes ¢ = 0.4¢
toad  Measured Deflection {(ails): . Calculated Moduli values !ksi): fbsolute Doth to

Statior  flbs) i RZ k2 Ré§ i Ro R7  GURFiE!) BASEi{E2) SUBRIEZ) SUBGIE4) ERR/Sens Bedreck

9.600 8,999 17.77 12.9% 10.3¢ 6.99  4.B5 .48 1.49 297, 7.4 26.3 2.1 0.38 7i.64
9.706 8,999 27.%¢ 19.30 119 .20 3.5 1,82 0.9% 109, 4.0 36.6 .8 3.8 33.58 ¢
9.80¢ 8,999 32,37 21.12 13.67  6.B9 3.6 1.4 6,80 86. 4.6 2.6 45.4 3.8 3678
9.900 8,999 20.54 15.68 12,58 8.8 6.4 347 LY 268, 16.0 12,7 26,9 0.48 70.2
10,000 8,999 18.77 12.46 B.96 5.5 3.4 187 073 192, 1.2 39.4 3l 0.60 50.89
10.100 8,999 32.12 19.82 12.66 6.38 333 13§ 077 81, 5.7 18.9 §7.2 1.26 34111

) g 7 TETTTTTEITTTTITTTTTES Py

Nean: .90 1685 11,68 6.8 4. L1 e 1.5 &3P éﬂ—s

Std. Dev: 6,70 3,68  1.73 LIS L7 0.2 0,30 475, 4.4 ;16,3 12.2 1,98/ 13.89

Var Coeffil): 25,90 21.86 14.80 1679 27.43 38.73 30,32, / s5. 8.4 | 39.8 / 3.5 (94,12 32,07
{/ \lGaoo |
Eﬂﬁw‘\ .
/ DuE To THE prRoXzamzry Y77~ /

- OF THE STTFF LANER

MRaN AC pTx & JOO P THE Twoe VAWES oF DEPT™ T~
TIFE L
Bac @ 10® & 101 ki SUBGR. SHowo soT RE STIFF L
Goopo Ave, . InNSTERD LSE THE o die W

IsT 3¢" oF $w3Gr. As
REPRES &M MATIVE VALVE

Mg = 25, 800 psi

USING D=6 For A.C. DEpTH ONLy

TEme RO3. ACToR
For fic. @ j100*

172, %0 ps' 2 Oy = 229 333 pss



QR1E TESIEN i _10-25-93

FIa.E.u J\RIAUO\ 2 62 5o mT_i.och' MODULLS ANALYSIS SYSTEM (SUMMARY REPORT) {Version 4.2
District: 2 MCDUL] RANSE(psi)
County: 39 KIYIING S TN Thickness(in) Kinimus Mazieve  Poiscon Ratio Values |
Highwav/Foad: RTE3S Paveaent: A<, 3.00 150,000 3,000,001 Hl:u = 0,35
: Bage: PcC 8.00 1,000,000 8.999,999 H2: ¢ = 0,15
Meaw A mIy Temg 779 Subbase: AGGR. BASEL. 00 9,000 159,460 Hi: e = 0,38
Subarade: 285,00 15,000 Hé: ¢ = 0.40
Load ¥easured Deflection {mils): Caltulated Moduli values {ksi)e Absolute Dpth to
Staticn  (lbs) ! A2 RS R4 RS Ré R7  SURFIEL) BASE(E2) SUBHIEI: SURGIE4) ERR/Sens Bedrock
7.100  5.023  6.40 4.93 4,08 3.75 3.4 2.8 1.7 240, 1297.9 156.0 24,0 5.43 300,00 8
7.200 9,071 447 412 397 37 3.4% 2,85 1.B3 1548, 42824 12.3 18.7 0,25 300.00
7,300 9,047 5.17 70 4K 432 AL 330 2.4 796, 6091,2 2.3 13.8 0.38 300,00
7.400 9,039 5,01 4,33 4,18 191 3.64 2.97 131 363, 3503.0 52,6 17.5 0.24 300.00
7.513  9.063 4,48  6.07 589  5.59 5.2% 4.40  2,8% 1025,  4080.3 26.4 10,7 0.46 300.00
7.600 9,135 5,38 4,81 456 4,32 3.9% 330 2,07 434, 4886.95 47.8 15.9 0.40 300.00
7.700 9,063 .16 5.30 .22 4,81 4.4 3,62 .28 317, 4327.2 39.1 14.5 0.83 300.00
7.800 9,087 4,50 4,12 393 3.67 3.4 2.8¢ 1.83 968, 5478.1 18.5 18.9 0.50 300.00
7.900  B.99? 460 3.9 3.72 355 3.3t .73 1.9 37, 6930.0 35.9 18.4 0.73 300,00
8.000 9,127 5.66 S0 493 485 4,35 3.66  2.88 439,  8731.4 32.7 13.5 0.22 300.00
8.100  B,943 11.86 10.15 7.89 .07 3,33 .11 2.8 130, 1000.0 15.0 10.53 300.00 8

7.3
) BTTTUETTTTIETTTTRE (- -
Nean: 5% S 480 A3 A I3 2 Gy 4D T.87'500.00
Std. Dev: 2,02 L7 L6 0.83 072 0.5 0.3 %ﬁﬁ 51 75 O\ 3.6 3.28 0.00
7y

Var Coetfil}: 33.90 3521 2410 18,79 17.77 17.02 17.8 2.0 M5 84.4 )22.0 i 0,00

R
ﬁ

Y i .
e (LN Geno
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71 K ALY Y37 Y REPORT} {Version 4.2}
_DATE TESIEn  £-23-93 ODULUS ANALYSIS SYSTEN (SUMMARY RE version 4.2
District: 9 0 NODULY RANGE (psi)
Countv: TEXASH Merwi ¢ Thickness{in} Minisus Maxiaue  Poicson Retio Values
Highwav/Road: EBbL RYE (O-63 Pavesent: PccP 8.00 500,000 8,999,999 Hi: u = 9,138
PRE‘OVERLAA' Rezuers Base: Agar. BAsE 4,00 5,000 150,000 HZ: u = 0.3%
Subbase: 0.00 0 ¢ H3: v = 0.40
Subgrade: 171,80 15,000 Hi: 3 = 0.4
load  Measured Deflection (ails): Calculated Moduli values (ksi): Absalute Doth to

Station (lbs} R R2 R3 R4 R} Ré R7 ~ SURFIE!) BASEfEZ) SUBB{EZ) SUBG(E4) ERF/Sens Bedrock

10.408 8,999 3.70 352 338 309 2.B4 233 1.49 84S, 4.8 0.0 19.4 0.40 300.00
10.507 8,999 548 5.9 5.9 447 A0 L3 LT 4399, 1.0 0.0 15.1 L% m
10.645 8,999 3.93 3.7 357 348 2,88 228 1.29  18h. 28,7 0.9 216 0.61 160.37
10712 8,999 4.9 480 457 433 406 339 1.9  830s. 2.2 0.9 1.5 0.48 169,59
10.808  B,999 4.41 425 3.9 3.90 3.2 3.03  1.85  9000. 33.2 0.0 13.1 1,27 300,00 ¢
10913 8,999 3,06 2,93 2.68 2.4 221 1.7 0.93 781, 28.4 0.0 30.7 1,11 146,80
11.006 8,999 4.01 3.8 359 3.6 285 216 1.0 4837, 2.1 0.0 4.3 1.2 114,09
L4110 8,999 491 487 A75 398 350 2.7 139 3934, 17.4 0.0 19.4 .3 m
1215 8,999 3,50 331 3.2 2.8 248 1.90 1.02  S&75. 28,6 0.0 27.3 1.28 131.92
11,309 8,999 6.57 6,22 6.3 5.4 497 398 2.29 3827, 3.8 0.0 i3 1.78
.44 8,999 520 5.04 4.8 450 401 3.3 2.01  5990. 98.4 0.0 12.3 0.63 229.18
11,509 8,999 4,70 4,50 435 387 350 275 1.49 5456, 17.6 0.0 17.7 0.97 148,29
10815 8,999 437 407 397 346 333 2.5 1.60 4257, 2.1 0.9 17.5 0.46 300.00

1706 8,999 443 420 4,02 345 306 229 1.9 39%. 16.6 0.0 23.8 1,38 129.11
11916 8,999 - 5.45 529 5.09 4.49 432 3.3 234 4350. 3.4 0.0 11.4 0.69 300,00
12.009 8,999 5.29 5.0 4.89 448 411 338 2,03 SAT3. 94.6 0.0 12.7 0.57 300.00
12115 8,999 483 437 A&7 359 36 234 1.09 3144, 17.5 0.0 2.9 3.3 m
12.208 8,999 4.50 424 404 370 3.3 275 1.0 4125 23.4 0.0 17.2 0.6 177.12
12313 8,999 3.7 358 319 3.9 2.9 245  1.47  9000. 81.7 0.0 17.4 2.41 300,00

12.407 8,999 442 420 399 3.5 3.9 2.3 1.52 4035, 6.0 0.9 19.8 0.31 182,01 1
12510 8,999 8.68 7,69 674 b1 533 390 1.80 1229, 138.9 0.0 13.9 147 113.35 ¢
12.616 8,999 6.00  5.60 5.9 483 430 3,35 1.8 348, 141 0.0 15.3 2.9

12709 8,999 3.95 377 365 33 299 245 1,38 Ti4d. 21.2 0.0 18.9 0.70 151.77
12,813 8,999 5,76 559 5.3 5.8 495 216  1.49 2044, 7.1 0.0 3.7 11.80 47.28
12.907 8,999 5.001 478 A0 424 389 320 1.99 4349, 2.0 0.0 13.7 0.26 300.00
13.011 8,99 370 353 3,30 306 277 245 1.5 8692. 2.4 0.0 2.5 0.87 137.94
13.116 8,999 425 402 377 3.0 332 2.5 136 7491 20.5 0.0 16,3 1.01 122.18
15.209 8,999 B.49 B.04 822 7.06 6.40 5.09 2,75 2880, 38.1 0.0 9.1 1.89

-

13.314 8,999 8.14 485 5.9 373 320 228 1.12 m. -118.1 ¢.0 26.9 10.84 3 s
13.407 8,999 6.21 6,00 5.87 551 5.6 442 2.9 7503. 29.6 0.9 8.2 0.35 300.00
13.512  B,999 407  3.97 376 346 345 250 1.4 7149, 3.9 0.0 49.7 0.87 174.76

13.617 8,999 530 498 5.5 435 393 3,20 1.82 4792, 23.2 0.0 18.9 .19
13713 8,999 4.98 483 A4 428 397 3.7 2.05  4B8l. 2.3 0.0 12.9 0.33 300.00
13.806 8,999 5.11 482 481 420 3.84 3.0 1,88  5433. 5.0 0.0 16,5 1.27 300.00 ¢
13,912 8,999 3.55 346 348 297 272 .22 L34 8428, 10.6 0.0 21.8 0.95 300.00
1,009 8,999 497 477 ATh 418 404 325 2,02 4984 21.9 0.0 12.8 1.73 300.00
W17 8,99 5.6 438 585 328 277 1.89 071 1814, 10.2 0.0 3.1 8.21 s
14212 8,999 640 464 583 6,57 650 6.4 1,93 703s. 50.9 0.0 1.0 10.19 ¢
14,308 8,999 324 2.9 2.82 241 LM 157 076 S047. .7 0.0 35.2 1.07 101.12
W46 8,999 32860 3.1 287 2.467 240 1.B6  0.92  70Bb. 27.0 0.0 26.7 0.83 105.13
1312 8,999 7.4 7.5 6.0 600 535 443 2.4 3I74. 12.0 0.0 12,0 3.81
18,617 8,999 453 467 388 3.95 346 2.0 134 5431, 18.3 0.0 18.5 423
710 8,999 478 450 452 386 346 273 1.46 453, 17.7 0.0 18.5 1.6 1
14.814 8,999 6,34 561 5.01 4,82 408 3.05 1.45 2642, 17.2 0.0 18.3 1.63 112,35
14,908 8,999 4.17 406 390 351 309 246 138 6129, - 6.3 0.0 2.0 1.45 167,35 ¢
15,013 8,999 464 453 438 394 387 297  1.B0  &bb2. 2.9 0.0 14.8 1.16 300.00
15,17 8,999 419 3.9 384 340 307 239 1.26  SMS. 2.0 0.9 20.8 0.80 131.908
15.210 8,999 3.8 359 362 298 2.0 L.93  0.92 473, 17.3 0.0 28.8 2,17
15,315 8,999 363 3.4 343 297 4.7t 248 1.2 246, 1.2 0.0 2.0 1.39 150.80 ¢
0.012  8.999 4.3 9 4.3 322 280 2.2 Lo 3541, 11.9 0.0 8.7 1.9 =



D05 B85 3.0 AT LEE Ll LB LEE L1 eSS Ge Gl b G Deui
0515 999 5.8 5.4 AT Asl 467 AL Le7 o B! WS wd 168 LTLISLD
0.4 B.99% Abb  AAT LI LE BAL 268 136 S, 184 0.0 184 LIS
0.5 B9 330 U7 LE  z.ed 230 L9 0.85 085, 285 G0 289 LZ4 16819
6l BS99 34T LI LM LT 248 L8 0.5 Sl 204 i 282 LO7 126
0799 B.999 6.5 0 603 S92 S0 508 L3 247 e 2.5 G %4 0.1 30,00
0A B9 577 555 S AT LS 306 L33 ST, 94 0 ILI 0.5 300.00
0.9% 8.9 5.3  5.07 8.1 &30 38 302 LI 39 led 0.5 169 1.9 in
LA B999 521 A5 LS 43T S8 35 L6 S5 56 0.0 16,2 0.88 168.30 8
LU6 .99 A5 A4S 20 K00 37 346 a6 9000, 2 0 1L 2.21 306,00 8
L299 BSW SO0 LS LTS A3 A0 327 24T BB 1002 & 128 5.0 300.00
L3 BSW A5 A2 AT BT B0 %0 LT SB0. 237 G 16 0.40 130.59
LAY BS99 A3E A SE L& 340 71 LT 8007, 227 04 b 053 187
LS B9 44T T RID 3T 343 279 L7 619 2.3 0 16.0 0.65 300,00
L6l 8999 573 &1 AED %3 AN 348 LA M. 2.0 60 1.8 L
L6 B A9 4TS A A2 39T 326 2063 MM, 24 0.0 120 0.5 300.00
LB BSTD 5.2 .47 S48 %20 A6 M09 2.8 TS, 204 0.0 %3 .35 30000
1907 B9 5.0 AB2  A7s &30 390 3.0 Lis %886 5.0 0.0 157 L2 14801
2012 899 404 408 36 3.0 S 288 LB 9000, 310 06 M3 2.00 300.00 ¢
U7 899 K09 395 373 BT nA 242 LS TSk 268 0.6 169 0.7 193,47
2210 8999 A.b 449 442 B 352 273 LT S5, 5.7 6.0 1.2 L7 153.99 8
234 8,999 5.8 5.5 530 5.00 A7 390 245 7L 293 0.0 9.9 0.5 300.00
2409 8,999 5.49 520 506 Ae0 A2 333 200 4920, 2.5 0.0 138 1.5 300.00
2310 8,999 5.08 4.83 460 422 330 3.8 L9 0. 2.3 0.0 141 0.32 300.00
2615 8,999 S.40 5.3 A9 ASI Al 3.2 L4 4N8. 25 0.0 A6 0.9 135.47
2708 8997 5.05 4.80 452 445 375 3.00 L8 4832, 4.8 0.0 158 0.28 2822
2813 8,99 4.85 466 A2 400 380 29 LTS ML 238 0.0 e 0.6b 214.40
-] 7T 14~ BEN = . 1 “Snaaay I agr—y

Neans 191 A% 4% b0l 34p 2.9 148 '\srgb @ 00 19 IR

Std. dev: 142 103 100 093 0.8 0.80 048 . T8%. 26,2 0.0 1 2.2 nn

Var Coff{1):  22.87 22,08 2034 22.35 2389 2047 29.06 ' 32.  89.9 0.0 3.2 1708 0.4

/ IV ANEROEY
Goop G0



DevE JESTEQ:..9-7-93

fiz;Lfi_ff--J;J9$5,3So)§2312;-ff:fiél__ TTI MODULUS ANALYSIS GSYSTEX {SUMMARY REPGRT) {Version 4.2
Distract: { EIIULT RANGE(psi)
County: 3 RYCHISON Thickness{in} Kiriaus Maxiaug  Feizson Ratio Values
Highway/Road:136 Pavesent: RC 7.9 56,060 3,000,001 Hi: u = 0,35
Ame, ATR SSi6se Base: Sexe CEm. 4,00 5,000 3,000,001 H2: 4 = (.20
PvmT swki,  45-75° Subbase: sussa, 3,00 4,590 80,00¢ H3: & = 0.40
Subgrade: 137,30 15,000 He: v = 0.40

LoG 0.0 ~ LoG &30

Load Measured Deflection imils): Calculated Medulr values {ksii: Abeolute Dpth t:

Station  (its) Rl k2 3 R4 RS Ré K7 SURF{EI! BASE(EZ} SUBR{EJ) OSUBD{EA) ERR/Sens Bedrcck
0,339 8,999 7.42 7T 6.88 6.7 6,83 S.bd 0 3,97 1eBe.,  1388.3 4. 6.3 1.83 360.00 ¢
0.43%9 8,999 6.2 L2 A48T A% 4% 3.6y 2,92 $13. 1698.8 38,7 W7 0.25 300,09 8
0.539 8,999 .38 .48 5.Z7 0 5,09 4,86 2700309 3000, 9.0 1.3 4.3 10.45 300.0C 1
0.639  B,999 .40 553 527 501 480 230 J.46 3000, 3.0 1.3 8.4 10.24 306,00 ¢
0.739 8,997 B8.02 7.4 7% 7.00 6.8l 6.2 5.22 176t IG! 5.9 5.9 3,33 300,00 ¢
0.839 8,997 472 4.4 412 394 76 29 .40 1942, I8ilE i7.7 .8 1,13 300,00 ¢
0.939 8,999 7.12  6.22 600 579 547 4862 321 3004, 209.4 8.7 1.1 3.76 300.60 ¥
1039 8,999 14.3F 10,91 9.37 L4 6,36 444 233 213, 73.7 17.% 5.8 0.16 171.10
1139 8,999 12,84 10.77  9.5¢  B.OF 6B 4.7 2.8% 389. 13,0 10.5 12,6 0.40 272,468
1239 8,999 9.79 8.8 7.83  6.89 610 472 .93 680, 187.¢ 18.4 7.8 0.39 300.00
1339 B,99% 19,737 14,38 12,03 9.B1  B8.07 5.8 2.8% i22. 81.1 3.6 8.0 0.35 168,42
.39 8,999 12.58 11.58 10.79  9.64 8.40 5.B3 2,88  1268. 43.1 4.0 21.8 0.93 158.3% ¢
1339 8,999 17.64 14.47 {2.47 10,12 8.27 531 2.87 250. 313 10.3 10.4 0.50 164.33
1.639 8,999 15.92 13.47 11,37 9.49 B.01  5.67  Z.95 - 402, 8.0 39.7 4.7 1.07 176.70
1739 8,999 17.6f 14.10 12.82 10.69 8.99 6.2 319 176, 184.7 o2 14.9 0.32 184.18
1.839 8,799 {4.47 12,00 10.58 B.9%% 7.5& .4 2.9 293, 106.8 11.2 9.1 0.61 189.57
1.939 8,999 15.77 1.7 1.2t 9.3 7.79 534 2.89 252, 86.3 10.3 10.4 0.13 214.86
2,035 8,999 f2.61 10.56 9.43  B8.02 5. 70 468 2.4l 404, 109.8 10.3 2.3 0,28 164,55
2,139 8,999 9.64 B8.90 8,29 7.43  6.53  4.82 2,54 1844, 3.2 3.7 18.8 0.16 175.78
2,239 8,999 14.96 12.92 1130 9.46 7.0 459 2.60 501, 26.4 6.7 29.2 2,21 257.5%
2,33 8,999 9.15 831 7.6 46.87  6.i1 463 2.67 1830, 30 3.5 6.8 0.49 231.72
2.439  B,99% 1441 12,70 11.43  9.91 B.5L 606 3.0M L LB 143.9 4.7 15.5 0.57 155.0%
2,539 8,999 13.26 1..12 10.78 9.1 T7.68 545 2.81 810. 6.3 4.4 1.9 0.91 169.26
2.639 8,999 29.99 25.75 21.44 1640 12,52 871 3.8 206, 5.2 3d 17.4 1.19 76.07 ¢
2,739 8,999 8.83 8.4 7.83 4,83 .06 4,80 2.B4  1839. 9.2 14,5 8.3 0.39 277.13
2,839 8,999 825 7.5 7.07 &.48 5,87 474 2.85 1981, 86.4 21.3 6.6 0.43 300.00 1

2,939 8,999 1448 12,14 10.88 9.49 813 576 2.89 470. 46.2 14,4 6.9 1.04 159.57
3.039 8,999 10.48 9.81 B.90 7.55 6.34 A5 2.82 1170 36,3 7.9 18.8 1.49 229.26
3.039 8,999 13.75 1275 1118 9.47 8.0  5.72  2.89 163, 2.0 B.6 1.0 1.50 129.26
3.239 8,999 11.03 10.18  9.46 B.48 7.53 5.B2 2.5 145, 41.2 i.8 7.2 0.21 107.73
3.339 8,999 11.80 10.83 9.97 8.82 7.7 5.7 2.92 1020, Bb.5 B8.? 9.3 0.33 136.78
3.439 8,999 10.34 9.70 8.8  7.84 6.4 466 2.5 1176, 57.9 =71 8.1 0.76 203.44
3.339 8,999 20.04 1477 12.56 9.98 17.93 5.08 2.40 141, 46.8 1.1 10.5 0.19 13191
3.63% 8,999 11.55 10.81 10.04 8,77 7.49 5.24 2,32 1484, 17.7 4.1 39.5 0.79 113.47
3.739 6,999 41,00 34.95 28.31 19.74 13.02 6.4 2.57 96. 8.7 4.9 2.3 4.63 51.87 %
3.839 8,999 12.13 1065 934 7,75 640 452 2.3 701, 6.4 31.8 7.0 G.b1 169.06
3.939  B,999 11.97  9.60 831 7.43 6.9 454 2.0 294, 110.8 2.0 1.9 0.68 173.32
§.039 8,999 18.06 15.64 13.95 11.80 9.86 b.6B  2.88 3560, 14.2 44 15.8 0.38 111.30
4,139 8,999 11.04 974 879 .73 671 502 274 780. 64.4 17.2 1.5 0.32 200.67
4,239 8,999 12.49 11,53 10.56 9.3t B8.09 5.6B  2.66 1198, 4.6 44 214 0.55 132,07
4,339 8,999 10.67 9.4l 68.52 7.53 46.53 480 2.%9 883, 61.8 157 8.4 0.48 193.28
4.439 8,999 15.57 14,05 12.78 10.58 8.02 4.9 2.19 607, 4.8 4.9 9.2 2,38 118.28 ¢
4.539 8,999 l6.64 13.59 11.78 9.2 7.8 5B 2T 298, 31.1 11.1 10.2 0.25 202.48
5.439 8,999 22.39 20,02 15.18 10.11 7.08 AAL 2,35 184, 5.0 17.5 1.2 6,95 8671 2
5.539 8,999 B8.04 7.21 666 5.95 531 415 2.45 1575, 2.8 H.0 3.9 0.41 263.11
5.639 8,999 B.72 8.01 7.8 671 6.01 A48T 2.66 1382, 218.1 9.6 10.8 0.26 230.35
5.739 8,999 13.59 1140 10.13 8.44 7,31 5,18 2.89 b6, 106.4 10.6 10.3 0.31 243.70
5.839 8,999 1520 12.72 {12 %28 1.1 5.BF 3.3 390, 17.1 2.0 4.8 0.40 253.13
5.93% 8,999 12.97 11.75 10.8F  9.36 8.9 5.87  1.49 993. 1.6 9.0 9.3 0.56 123.78
5,039 B.99% 26,57 210 17.4%7 1413 1L P LED 173 e 1h.t I 0,38 147.84



£ITF B g4 T.44 2038 1T R 4.2% 0 1% L28, 523.¢ £.2 S
€.27% 2,895 3041 24090 15087 1465 li4r 7.2 L0E 168, R PR Sl
8.43%  B.9YY 11,80 10.65 .80 BB T.B2 0 578 3,20 193¢. FI 5.8 £.5
6.53% 8,997 9.0 7.95 7. b BTE 4% 79 718. 2158 1.8 73
b.o37 3,599 7.45 6.94 6.5 503 S8 882 A 3067, 285.:2 4.¢ 3.4 it
6,73 8,999 12.3% 11,00 9.8 8.4 T.lé 532 LT3 707, 2.8 2. 8.3
6,839 8,995 14.18 12,24 1107 §.80 B.23 0 H.BE 2.8% 649 17.3 10.4 8.k
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Mean: 13,57 1Ll 10,28 8,67 W I3
Std. Dev: 6,87 .22 502 LW LT 684
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OATE 125200 5-4-94 Ti1 RMODHLUS  ANALYSIS SYSTEM [SUMMARY REPORT) {Versizn 4.Z-
istrict: i MCDUL] RANGE(psi!
Countv: 3 Thicknessiin) Minisca Maximug Foisson Ratic Valuec
Highwev/Roadiide Faveaent: A< 7,50 50,000 3,000,001 Hl: ¢ = 0,35
Bace: Safc €, £,00 5,000 3,009,008 2: 4 = 0.20
Subbase: .00 ¢ H3s 4 = 0,38
ﬁNC-L Ac TEmo 2 7/ o Subarade: 173 50 13,000 He: v = 0,49
iead Measured Lefiection izile:: Calcuiated Moduli values {ksij: Abselute Dotk to
Station  {1bs) Rl RZ R3 R4 RS fo R7  SURF{ELY BASE(EZ) SUBRIEI) SUSGIE4) ERR/Sens Bedrock
0,339 8,999 7.42 7.3 6.88  b8.786 653 5. 3.92 1981, 1008.9 0.0 6.5 3.24 300,00 ¢
¢.439 8,997 6.2 5.20 4,87 487 428 36 2.32 604, 3609.0 0.0 12.2 1,67 306G.00 ¢
0.539 8,999 .38  5.48 3.27 5.09  4.86 4,27 3.09 1013, 2688.9 0.0 §.0 2,57 306.90 ¢
0.639  8.99% 6.40 3.5% .22 50! 4,80 423 316 Feu. 2751.4 0.0 9.2 2.44 300,00 ¢
0.739  8.999 8.02 7.4 7.5 7.66 6,81 629 822 1559, 1415.%8 0.0 3.8 2.91 30G.00 1
0.839 8,999 4,72 4,43 4.42 3,84 3.7F 0 329 .M 1623, 3000.0 0.0 10.4 1,18 309,00
0.93% 8.999 7.12 .22 6.04 5.7 347 462 .23 334,  UHN.9 9.0 8.2 1.44 306,00 3
1.03 8,999 14.35 10.9¢ 9.37 .74 8.3 AM .33 179, 137.8 0.0 12.6 0.86 175.10
1.139 8,999 12,84 10.77 9.52 8.03  b.B0 4,67 2,63 418. 8.9 0.0 1.4 0,37 272.463
1.239 8,999 9.79  B.&1 7.8 489 410 472 293 883, 310.3 0.0 10.8 0.83 300.00
1,339 B,999 19.7% 14,38 12,03 9.88 8.07 6.8 2.8 106, 102.8 0.0 10.1 1.26 168.42
1.43% 8,999 f2.%8 11,58 10.79 9.44 B.40 5.3 2.88 1174, 19.0 0.0 B.9 1,51 158,55
1.539 8,999 17.64 14,47 12,47 10,12 8.27 5.3t 2.87 289, 3.4 0.0 10.3 0.51 164.53
1.639 B,999 15.92 13.47 11,37  9.43 B.01 5.67  2.95 274, 78.8 0.0 9.8 1.74 176,70
1.739 8,999 17.6%F 14,10 12.42 10.69 B.99 .12 315 203. 105.6 0.0 8.8 0.70 184,18
1.839 8,999 14.45 12,00 1058 B.9% 7.56 5.4 2.91 293. 117.4 0.0 10.0 0.82 189,57
1,939 8,999 15.77 12.7% L0 9.3 7.79 M4 2.B9 252. 86.9 0.0 10.2 0.14 214.84
2.039 8,999 12,81 $0.5%  9.43 B.02 5.70 468 2.4} 415, 95.9 0.0 11.5 0.19 164,83
2.139 8,997 9.644 B.90 B.29 T.43 5.33 4,82 2.54 1404, 90.3 0.0 10.3 0.83 175.78
2.239 8,999 14.96 12.92 11,30 9.6  7.01  4.59 2,60 332, 6.2 0.0 14,7 1.69 257.55
2.339 8,999 9.15 8.3 7.68  6.87 6,11 K87 2,63 1101, 191.2 0.0 10,7 0.35 237.72
2,439  B,999 14,41 12,70 11,43 9.91 8,51 606  3.08 850. 12.3 8.0 9.4 0,94 155.03
2,539 8,999 13.26 12,12 10.78 9.11 7.8  5.4% 2.8 878, 8.3 0.0 11.2 1.25 169.26
2,639 8,999 29.99 25.75 21.14  1h.41 12,52 6.7 3.18 173, 3.0 8.0 8.4 2.85 76,078
2.73¢ 8,999 8.8 B.24 7.67 4,83 b.06 4,80 2.84 1319, 183.6 0.0 10.2 0.73 277.13
2.839 8,999 B8.2% 7.5 7.07 .48 5,87 474 2.85 1149, 9.5 0.0 9.5 0.27 300,00
2,939 8,999 14.44 12,14 10,88 9.49 B.13 76 2.89 330. 132.8 0.0 9.2 0.31 159.57
3.039 8,999 10.48 9.81 B.90 7.5% 634 A5l 2,82 1183, 12.3 0.0 12.9 1.32 229.2%
3.139 8,999 13.7% 12,75 1148  9.47 B.06 5,72  2.49 844, 9.9 0.0 10.5 1.55 129.26
3.239 8,999 11.03 10.18 9.4 B3 7.53 5.82 2.58 {071 146.5 0.0 8.4 0.31 107.73
3.339  8.999 11.80 10.83 9.97 8.82 7.14 5.7 2.92 986. 86.4 0.0 8.8 0.40 156.78
3.439 8,999 10,50 970 885 7.64 6.4 466 2,53 1210, 2.9 0.9 11.8 0.72 203.44
3.939 8,999 20.04 14.77 12.% 9.98 7.93 5.08 2.40 138, 9.7 0.0 10.8 0.13 131.91
3.633 8,999 11,35 10.81 10.04 8,77 7.49 5. 24 2,32 1143, 21.1 0.0 10.1 1.7 113.47
3.739 8,999 41,00 34.95 26,31 19.74 13.02 649 2.9 81, 3.0 0.0 7.4 8.25 351.87 ¢
3.839 8.999 12.13 10.65 9.34 7.7% 6.5 452 2.3 633. 36.3 0.0 12.5 1.21 189.06
3.939 8,999 11.97 9.60 8.3t 7.13 6.9 454 2.4} 23s. m.s 0.0 12.2 1.26 175.32
4.039 8,999 18.06 15.64 13,95 11.B0 9.B5 6.6  2.Bb 419, .1 0.0 8.2 0.40 111.30
4,439 8,999 .04 974 879 113 6T 502 2.4 b139. 1465.8 0.0 10.4 0.57 200.67
4,239 8,999 12.49 11,53 10,56 9.3} 8.09 5,88  2.6b 1040, 28.6 0.0 9.2 1.15 132,07
4.339 8,999 10.67 9.4 8.52 7.3 b6.53 4.80 2.59 112, 46.9 0.0 11.3 0.94 193.28
4,439 8,999 15.57 14,05 12,78 10,58 8.02 490 2.9 553. 3.0 0.0 13.3 3.25 118.28 ¢
4,539 8,999 15,64 13.59 11.78  9.62 7.86 5.8 2.7 298. 9.3 0.0 10.6 0.33 202.48
5,439 8,999 22.39 20.02 15.18 10.43 7,08 4.4f  2.35 187. 3.0 0.0 15.6 7.24 Bb.71 S
$.539 8,999 8.04 7.2 6.66  5.95  5.31 415 2.4 1032, 322.2 0.0 11.9 0.51 263.11
5.639 - 8,999 8.72 8.01 7.8 871 6.0 AT 2.6 1191 259.5 8.0 10.2 0.32 230,35
€739 6,999 13.59 1140 10.13 B.64 7,31 5,18 2.89 373, 104.3 0.0 10.5 0.35 243.70
5.839  8.999 15.20 12.72 1,42 9,28 7,91 5.8 3.3 25%, 120.5 1.59 253.13
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atvv s4tiew

0137 8357 LLBG 1XTT 10007 D B 634 347 83z, 199, 0.8 7.3 0.28 218,22
BI85 BB T 685 507 S50 425 2.5 632, 435.4 0.8 oo o 6,24 300,00
CASF BT INAL 2030 1987 L5 L0 121 315 Bs. 16.1 0.9 1.8 1,96 109.84

6.437 5,999 118} 10,80 9.85 883 T8I 578 L2 104l B3t 40 8.7 0.56 239.19

.31 B%99 9,00 T.% T ek 8T A% 79 382, LN 0.0 110 0.89 300,09

6,635 6,999 T.4% 6.3 65 603 851 A2 271 1834, 4,5 b8 9.4 0.44 287,23

6,739 B899 {238 1100 9.85  8.4% 1.2 L3 L. 4.4 Gt 141 181.5€

5,83 B9 1418 12.33 1007 9.8 823 5.8 2. o B0 0.29 141,87

S [ iz 18 - ki .
Nean: 13,57 Med 10,23 87 133 85 A 27,08

td. fes 6.57 LD A0 2T LT 0.8 A 89.18
var Loeffits 18.4% 4473 [B43 3L0? 4. 18T i L 47,47

JjAF e 71°x 0,48

Fac @ n0°x (S6AS
v ok E
K Cae Mz 10100 ps i
c’:;_':(o.,i’j)/q e
= 3333 p.,
Geoo

LAre CEmanr
VALVES

;50’0&0 - 0.9y =

765,306 s/




TE._JESTEQ B -30-93

b Shaid ] 5Y5TE MR DY T3 ) icn 4.0
EI.AEi-?.f&.bQXX.C,_QMJ’ TT1 KGIULUS ANALYSIS SYSTEX  (SUMPAEY REPORT {Versicn a
District: 7 0 KODULT RANGE(osi)
Countv: NEWTRWY /Bﬁmly Thicknessiind Ninisus Haxisue  Foisson Ratio Values
Highwav/Road: RTE © Pavesent: AL 3,00 50,000 2,500,060 Hl:w =035
LoG 2436~ Loa 22.3¢ Base; AGGR. BAse  8.00 5,006 200, 08¢ HZrw = 9,35
LoG 9. .- 106 300 Subbase: Se@ar. 35,00 3,000 76,000 Hir o = 0.40
Sungrade: SuB6R,  13.80 8,000 K&l g = (.40
Load  Measured Deflection imilzi: Calcuiated Moduli values (ksij: ateclute Doth to
Statian {lbs} ! R2 k3 R4 RS Rs R7  SURFIEL: BASE(ED) SUBR(E3) SUBSIE4) ERR/Sens Bedrocy
2900 2,997 18.07 1144 8.5 473 291 .26 6.5 594, 32.1 22.2 8.2 1.9% 8%.8¢
2.800 8,997 18,38 12.29  B.91 4,82 .7 1200 0,68 37 14.7 24,4 8.7 2,36 0.1
2700 8.999 3.84  15.8% M4 602 336 145 0.87 75%. S0 30,3 4.4 1,52 48,011
2,600  B.9%7 28,2% 20,25 1520 9.4 579 2.8k Q.76 756, 7.0 16,9 2.8 0.73 48.M4
2,500  B.399 38,56 28.28 22.09 12.8L .Mk 275 0.7 652, 3.0 9.3 4.2 .25 .27 1
2,400 8,999 35,50 26,37 20,24 12,64 8.2 417 1.33 742, 5.0 12.¢ 1.7 0.89 76.85 8
2.9 8,999 30.36 2.16  15.97 A1 5.04 1.9 0,54 £89. 3.8 14.8 4.9 1,92 5L.3%
2200 8.999 17,32 9.8 5.98 2,07 075 0.5%  0.38 605, 7.1 89.6 20.2 9.2 122.4%
2100 B899 29.35 19.95 1436 7.5 .90 1.29  0.42 641, 5.0 18.9 7.6 1,39 45.99 1
2,000 8,999 24.97 13.4¢  B8.88 3.9 1,90 £.97  0.57 388. 6.6 37.% 7.4 2.81 5.75
1.900 8,999 22,60 1422 10.11 &85 13 L1 0.8l 47%, 5.0 40,0 5.3 3.47 47,811
1800 8.999 32,52 23.26 17.02 10.05 5.94 .92 0.39 398. 32.1 8.1 13.8 1,70 52.9¢
1.700 8,999 24.80 17.90 11.49 5.4 1.72  0.13 0.36 4935, 6.3 22.2 2.1 57.95 52.54 3
1.600 8,999 33.4f 24,73 19.28 10.33 5.87  1.91  0.5% 778, 5.0 10.3 7.8 3.29 49,36 1
1,500 8,999 22,40 15.38 11.41  6.53 388 L.30  0.48 129, 3.2 14.5 10.8 0.88 53.86
1,400 B.999 36.46 25.55 19.6B 1137 &7 .25 0.30 360, 3. 7.0 12,9 .43 53.4
1.400 8,999 30.93 23,58 1B.81 1177 7.5 .64 0.25 851, 217 7.5 7.1 0.73 56.20
1300 8,999 26,12 17.92 IL73 620 277 055 0.5% 534, 11.9 13.8 39.5 3.00 46,46 %
1,200 B.999 47.79 3481 27.81 12.97 476 203 0.59 419, 5.0 1.9 8.3 6.93 46,241
1.100 8,999 17.03 12,30 9.85 5.8t 3.9 1,33 0.85 159, 7.0 25.8 8.7 1.47 55,30
1,000 8,999 27.38 19.41 14,26 .M 435 LS6  0.4! 785. 5.8 18.3 6.8 1.8% 49,3
0.900 ° B,999 29.73 19.30 13.49 6.8 23 1.02  0.47 LT 8 9.4 14.3 14,7 3.84 45,09
0.800 B.999 25.59 17.95 13.48 771 5.8 .76 L7 9%, 8.3 23.5 2.4 1.35 82,25 %
0.700  B,999 13.93 10.03 7.8 477 3.3 170 0.8 {771, 10.8 39.2 3.9 1.29 79.09 1t
0.800 8,999 16.97 1126 B.32 450 2.5 1.09 0.5 1309, 7.8 31.2 6.4 1.33 50,20
0.50 8,999 16.40 11.74 B.66 5.8 AU .75  I.41 440, 76,3 25.5 2.5 2.47 285,85 ¢
0.400 8,999 19.9¢ 14,03 10.77  5.80  3.60 2.0  1.07  1038. . 6, 33.3 33 .51 S0.40 8
0.300  8.997 20.45 14.22 10.B1 .32 3.9 177 0.63 1040, 8. 24,1 4.1 1.06 $2.13
0.200  8.999 22.13 1444 11,51 582 343 1.8 0.83 923. 3. 32,3 4.4 2.95 #.31 ¢
0.100 8,999 18.47 11.30 7.82 3.47 L.B1 0.92 0.5 B0s. 3. 65.9 8.6 2.60 50,27 ¢
0.000 8,999 17.25 11.53 8,44 3.9 1.B6 0.74  0.53 783, 17. 23.1 24.8 +.63 46,44
27.250 8,999 35.20 26.00 $8.B3 10.02 5.09 1.2l 0.4 &45, 3. 9.8 16.7 2.97 45.86 8
27,160 8,999 17.54 12,07 9.3% 489 279 1.5 0.57  1315. s. 4.8 3.8 2,20 47,89 ¢
27.045 8,999 17.54 12.75 9.B4 5,95 3.64  1.58 0.2  151b. 1. 21.8 4.8 0.81 $58.03
26,960 8,999 22.47 17,19 13.98 974 712 423 2,09 1235, 20. 16.2 1.8 0.90 202.44 3

17.8 4.3 1.26 0.00
2.9 2.7 0.54 76.11
12.2 2.2 3.02 233.08
4.7 5.0 1.60 47.09
5.7 4.3 0.90 350.63
26.5 1.1 2,38 48.10
63.4 1.4 2.9% 4697 1%
15.9 4.2 0.31 463.41

43.1 6.1 1.07 47.06 %
17.6 3.3 0.33 45.34
19.9 3.7 1.5 5.3
28,9 3.3 1.4 50.24
26,5 2.8 3.81 46,35 ¢
16.9 L3 1.33 130,568

26.850 8,999 22,30 16.49 13.06 .93 491 2,07 071 1273, 7
26,760 8,999 23.15 15,33 12,28 7.4 487 251  1.13 ass8. 8.
26,860 B,999 25,03 18.54 1464 9% .6 432 2,09 433, 87
26,560 8,999 20.15 13.60 9.81 5.06 2.80 1.25 0.5 947. S
26,460 8,999 22,04 16.05 11.39 5.99 401  1.89  0.72 1086 5
26,360 8,999 18.81 12,08 8.81 462 2,70 1.25  0.54 732, 13
26.260 8,999 17.10 11,59 8.17 3.B4 1.98 0.8 0,50  108l. 3
26,160 8,999 22.79 17.02 13.05 8.6 5.7 2,22 0.87 {142, 9

26.050 8,999 18.6! 12.97 9.07 495 2,62 1.04 0,51 1102, 3.
0
5
3
3
9

- on

25.950 8,999 24.60 17.46 12,75 7.2 489 2.9 1.%3 T34, 1
25,880 8,999 25.30 1B.46 14.06 B.07 4B 2,09 0.9 966.
25.760 8,999 22,62 17.29 1231 .39 A58 210 ©.92 1091,
25,660 8,999 20.01 15.66 11.83 8.87 459 2,79 1.5 1478,
25,560  B.9%9 23.50 17.90 14.97 10.02 7.05  3.93  1.50 1428,

28,44 €223 g3 T oL Lo LR 1] o SY- bt
STem2 T Yl L35 - :.
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0777 PRI Ldetu N RIRTS] L.72 R YA 1i. PR i O.ood 103,531
B3RO B9 Z0.76 43S ILST O 00 S.06 0 2,70 Ll BAs 0.3 20,4 1.85 Lov.ed
25.180 BS99 18.97 178 8.66 475 .80 1.4 0.5 BeT 7.4 3.7 4.z S48 50,8l
25,060 B.9%9 16,33 LI 8.0 a0 465 1.9 8D 11D 34.6 2.4 1.1 1.0 83,70
4,90 B39 17,25 1.8 .33 402 LYY 153 0.80 1351, 1.9 2.4 s 0.76 73.19
MBS BT M8 LTI RT3 S LS00 LB4 035 198, 8.4 3.0 1,81 8483 1
4.760 8999 1Z.89 8,99 625 LT .42 L1805 173 2.1 36.3 6. 0.5 72.98
W.430 8999 2543 1829 1350 826 5.9 LLBE 059 B0S 16.2 2.2 7.2 6.71 56.13
560 3997 3.4 22,08 17.85 L9 6.7 3.9 1.3 3.0 9.4 2.6 0.82 774t
) 14 [ T [2) So
Nean: 23.32 1645 12,36 . A3 L.a;
St4. Dev: £.83 525 425 .80 178 9.9
Var CoefflZi:  25.30 31,90 34.57 3N.11 416 50.28 245.94) 27,54
NMERY por]
- o RESweTS, Sur
ANG AC. mzx TEMmP x 108 DUETO CLGSE Premz ey TIs 742 BT -
Of STIFF 3 £ =T
Fac € loS® » 120,400 ps: STIFF LAYER, THE T cAn Gzt
' Bao Copne.ation Twe 5"66/&_ VALUVED
THIS FILE WAS Aun on CAnnor BE Avem“g,}
2 DIFFEAENT DANS ozt THEAEFcAE wsg THE

- - MR chuc. For 157'\36"
;ﬁ:mq ;MC; TEma,SD;r_ OF Sogen
LeS AC Pynwr T ey .
3" ThIck £$°mz~wm1‘ . M =28 6o P’ DEpTH To STI,
. T™HIN Mv:d} MR - 033(2:‘65’0) LAYER = 4,74
A< TEmp Esi. Anpfos oaszn ’
AC THIKNESS Faem = 8448
nrspay Oata Is
EVIOEIVTA—y WRING
OR TEms Est Is
(WROVG
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FE  SINRTAIO N Fw0\ PRE-RUARN 2. P3G0X2Ce Pl
TTL HODULUS ANALYEIS TEN i REPORT) {y 4.2
DATE TESTEO. Q:.U.-ﬁ4 I DULUS ALYSIS SYSTEM  (SUMMARY 8rsion
District: ? MODULI RANGE(psi)
County: 59 Thicknessiin Miniaua Maxisum Poisson Ratio Values
Highwav/Road: 36 Faveaent: © 3,00 AC 50,006 3,000,001 Hi: ¢ = 0.35
Loa 703- q. " Base: 8,00 pco 1,000,000 92,500,000 H2: & = 0,13
o Subbase: 4,00 n.g 5,000 150,000 H3: 4 = 0.35
AvG AC MIx TEMme T4 Subigrade: 285,00 15,000 s u = 0,40

Lload  %easured Defiection imils): Caiculated Moduli values (ksi): Absolute Dpth ta
Station {lbs) KR! R2 3 R4 RS R& R7  SURF{El) BASE{E2) SUBB(E3} SUBEIE4) ERR/Sens Bedrock
7.100 8,997 10.28  5.98  5.00  A.76 443 366 232 50, 2287.2 150.0 6.7 5.02 300,00 8
7.200 8,999 5,59 424 397 373 348 .30 1.87 76. 87987 6.1 2.2 1.13 300,00
7,300 8,999 s.49 5.20 484 460 431 3.73 0 2.5 141, 6197.5 118.7 13.1 1.26 300,00
7.400 8,999 8.9% 5,72 5.4 5.6 490 4,18 2.76 56. 5433.1 9.2 T 129 0.67 300.00
7.517 8,999 7.59 b.60 6,28 5.98 3.59 4.74 3.1 226, 4554.8 62.4 10,3 6.39 300.00
7.600 B,999 6.0 577 .45 5.04 4,83 3.79 2.08 329, 3083.0 15.0 15.4 0.38 300.00
7.700 8,999 4.7l .70 5.02 4,70 4.3 3.56 .27 180, 3499.4 14,6 15.5 2,02 300.00
7.800 8,999 5.28 A 3.4 382 3.35 W73 1.7 8. 6181.3 6.9 2.0 0.81 300.00
7.900 8,99% 7.77 5.3 495 473 4.38 3.59 2.4 7. 4336.0 B5.9 15.0 0.98 300,00
8,000 8,999 9.38 6.4 5.2 .43 5.06 4,21 2.7¢ 58, 4069.2 15.7 13.4 2.19 300.00
8.100 8,999 7.9%4 .11 &M 5.9 3.38 _4. 3 2,63 “b0A, 1000.0 109.4 13.5 0.83 300,00 ¢
© 8 1?2 7Y 4 36 60
Nean: .69 5.6 5.6 489 48 575 L @ ? 00,00
Std. Dev: 1.3 092 0.82 077 0.70 0.58 0.41 48 .7 3.6 55.25
Var Coeff(l): 17.4 1618 15.86 15.71 {5.37 15.53 17.34 98. 42.7 99.0 22, 6 §3.26 18.42
16000 Geno Geso
mA
: 39 8oc Me = 15 300
Frce = 4,439, ez s,
. ; oes = 15300 (0.33)
Gewo Sc'= 43.5(4.4399)+ 968 & = 15,300 (0.
Ac = 504G
S =682
K . 5049
L4
, . 94

&:ZGQ



L2TESK@FIL ENTER LANGUASEE = FOL

DATE TESTEO! S-1/-94

TTT MODULUS ANALYSIS SYSTEM

(SUMMARY REPORT:

(Yerzion 4,2»

District: i MODULT RANGE(psi1)
County: %5 Thickness{in) Minimua Kaxisug Foisson Ratin Vaiues
Highway/Road: 35 Favezent: A.C. 3.9 50,060 3,000,001 Hl: u = 0.39
.06 0,00 - LOG 7.02 Fase: PecP 8.00 L600,000 9,500,000 20 5 = 0,15
° Subbase: AGGR. BRSF 4,00 5,000 150,000 H3: u = 0,35
Ave AL mzx TEMmo 84 Subgrade: 784,50 23,500 Bi: u = 0.4
Loag Measured Deflectisn iails): Calculated Moduli values {ksi): Absolute Doth to
Station  (ibs: Rl RZ K3 R4 RS RS R?  SURF{EL) BASE(EZ} SUBR{E3) SUBSIE4) ERR/Sens Bedrock
0.000 8,599 2.8 .45 .3 .13 192 .54 0,89 3000,  4128.4 13.2 37.0 1.24 300,00
0.100 8,999 441 T .43 3.2 3,00 2.42 145 369, 5309.3 13.7 23.6 0.43 30C, %0
0,200 8,997 3.89 3.5 3.3 3.t% 0 2,92 2,35 1,51 1585, 3710.9 6.7 24,4 0.53 200.00
0.3060  B,59% 5.19 492 473 434 3,95 312 165 1BA2. 1783.0 10.8 17.2 1,56 330,99
0.400 8,997 3.8 3,39 330 305 2,77 2,19 1.2 3000, 2935.4 7.9 4.7 1.93 300,00 3
0.500 8,999 5.6 531 437 3T .30 081 0.7 99,  2478.1 7.3 72,46 37.77 48,42 %
0.600 8,997 3.89 362  3.4F 3.2 2.88 Z.25  f.2s 2288,  2285.1 1.7 25.7 1.41 300.00
0.704 8,999 5,15 491 475 443 417 338 2,18 1767, 2824.0 34.3 14,2 1.14 300,00
0.800 8,°9% 3.B4 375 344 340 316 2.59 1.5 2979,  3599.0 51.0 17.8 1.82 300.00
0.902 8,999 &6.41 5,92 S5.40 5.2 4,90 4,03 245 797, 2804.% 28,56 12.7 0.54 300,00
1,000  B,999 3.9 357 3.4 3.1t 2.83 2,24 128 1504,  2736.0 11.8 26.1 0.39 300.00
1,200 8,999 2.92 270 2% 2,39 215 174 1,07 2681, 3722.6 1.6 33.0 0.50 300.00
1,300 8,999 3.3 3.09 2.9 2,72 2.8 1,92  1.02 2555,  2521.2 26.9 28.1 1.32 300.00
1.400 8,999 454 3.5 W 305 276 247 l.18 251, 4302.1 18.8 21.9 0,50 300.00
1.502  B,999 5.66 4,83 4501 420 3,90 3.18  2.08 317, 4191.8 18.5 17.5 0.74 300.00
1.600 8,999 5.7  A4% 41 376 337 2.6 1.52 188.  3240.4 24.3 22.8 0.70 300.00
1.700 8,999 3.58 327 310  2.89 2.66 2.13 1.23  2729.  271%8.1 8.0 27.0 0.560 300,00
1.800 8,999 6.37 5.7 5.9 5.27 4,80 3.83 2.8 1238, 1M41.7 9.9 14,0 1,08 300.00
1.900 8,999 4.09 371 392 323 2.95  2.37 143 2412, 2117 22,2 23.3 0.22 300.00
2,000 8,999 4.83 3.9 LM 350 3.2 2.6 1.66 266, 4504.7 8.1 21.2 0.13 300.00
2.100 8,999 2,42  2.15  2.05 1.84 1.62  1.21 0.3 1931, 3784.2 b.4 63.3 0.87 300.00
2,203 8,999 5.8 591 5.3 4.8 4.18 2.9 123 807.  1000.0 5.0 23.0 1.28 185.21 ¢
2,300 8,999 4.3 421 401 371 a4 2,77 4,40 1302, 3192.3 12.0 19.7 0.61 300,00
2,400  B,999 29 439 4200 386 3,55  2.B0 155 324,  3602.2 61.3 19.9 0.42 300.00
2,500 8,999 4.0 393 353 332 300 2.3 1.7 16, U7 §7.2 24.8 1.03 300.00
2,608 8,999 7.47 629 591 549 4,92 391 2.9 268,  1881.1 101.4 14.5 0.28 300,00
2700 8,999 466 307 270 2,36 1.98  1.29 0.57 164, 1973.3 13.7 95.7 1.09 195.10
2.800 8,999 3.58 3,14 298 2,75 2.50 1.9 .13 B30,  M23.2 10.7 311 0.38 300.00
2,900 8,999™ 4.62 417 4,03 373 343 275 1.5 981.  3&38.9 5.0 21.8 0.3% 300.00 8
3.000 8,999 3.97 372 3.2 336 3.06 2.4 1.4 2135, 3123.2 9.3 21.8 1.25 300.00
3.100 8,999 5,37 474 459 4,30 394 3.4 2.03 325.  4287.7 14.7 16.5 9,35 300.00
3.200 8,999 4,68 . 433 4,19 3.96  3.66  3.03 1,91 1204, 42203 42.9 16.2 0.562 300.00
3,300 8,999 4.89 421 4,05 3.80 3,52 2.94 1,88 412, I3 9.4 17.4 0.09 300.00
3.400 8,999 573 5.29 5.06 4,70 4,32 348 2,17 1074,  2481.5 7.0 16.0 9.36 300.00
L300 B,999 477 434 406 379 345 271 150 1092, 2384.9 14,6 20.9 0.74 300,00
3.800 8,999 13.30 12.% 9.5 7.79 6.87 5.12  2.85 82,  1000.0 3.0 12.3 7.22 300,00 8
3.900 8,999 5.5 405 385 353 321 247 L& 286, 34671 32.7 23.3 0.54 300,00
4.008  B,999 4.80 4,23 3.9 368 335 2.66  1.64 831, 2996.2 4.0 21.2 0.26 300,00
4.100 8,999 371 . 321 Il 289 2.6 2.13  1.28 641,  3875.1 23.4 25.b 0.464 300,00
4,205 8,999 370  3.30 3.7 3.00 274 243 L.02 - 1235, 409b.7 6.0 28.6 1.61 300.00
4300 8,999 2,47 2.2 2,10 1.95 1.72  1.30 0.6 1335,  95992.9 3.6 36.2 1.86 288.79 8
4.400 B,999 4,06 3.89 3.8 3.1 3.3 2.76  1.66 3000,  380A.1 5.0 18.3 1.42 300,00 ¢
4.500 8,999 4.03 3.92 3.88 3.66 3.42 2.84 1.80 2888, 4799.7 11.1 15.7 1.75 300.00
4.600 B,999 4.63 417 410 3.87 3.2 304 193 831, 1714 34.8 15.7 9.39 300.00
4,700 8,999 2.68 2,08 2,00 1.83 1.0 1.13  0.39 341, 8.8 45.9 33.3 2.05 125.77
4.800 8,999 3.37 312 300 2.78  2.53  1.97  1.02 2784, 2764.0 8.7 28.9 1,35 300.00
£.999 5,28 451 4%

4.90!

3.90 3.8 L9

319, 50443 1.3

-- . v -

19.5

0.91 300,00



200 8,399 S84 AST 44T A3 3BD D6 LS Seb. 4208 4.6 7.3 0.9 300.00
5300 8.999 6.87 5,85 5.7% 3% A9 4.00 37 3. 338 131 1.2 1.03 300.00
400 8,999 2.8 197 L85 176 L.60  1.23  0.63 280,  9300.0 285 48.7  1.16 300.00 8
5,500 8,999 523 A4 LS A4 415 338 2,00 691, 555T.5 172 142 L34 300,00
5,600 8,399 5.0 425 335 3.2 N9 258 L3 182, 346l 567 228 0.5 300.03
5.700 8,999 A6 374 3.7 347 306 250 139 M9, S257.2 486 209 1.25 300.00
5.800 8,999 A6 424 A2 386 3.62  3.05 1.9 898, SA7R.0 363 16.0 023 300.00
5,904 8,999 5.4 K83 470 642 404 348 223 188, 39930 222 3.6 0.55 300,00
8,000 8,999 4.68 432 422 395 R0 3.1 LB 1455, MASS.e 15.6 157 0.39 300.00
6103 8.599 471 A0 407 LEZ 3.5 2.9 L.8Y bbb, 5570.1 9.3 1.9 0.38 300.00
8200  8.399 2.6% 240 .37zl 193 148 0.6 1504, 5093.9 77 M L0 300.00
8,362 8,999 5.2 476  4.52 44D A6 350 230 83, S5 BALE 130 9.57 300.00
6.400  B,999 .81 324 304 2.9 2,69 223 L3 442, 78035 7.6 2.9 0.72 300.6¢
8.500  B,599 6.2  5.00 495 4.7 432 351 21 146, 4927, 88,9 144 1,14 300,00
8.600  B,999 1492 953 8.37 74T 647 457 241 S0, 1000.0 5.0 0T 270 300.00 3
8700 8,999 670 3.88 .01 250 228 172 0% 9. 12101 150.6  40.3  4.88 300.00 ¢
8910 8,999 7.3 521 A9 468 434 360 2,31 112, 4897.8 1633 144 0.24 300.80
(<] 8 12 ! 24 [4e) ——
Mean: A N Y < T - I (1989 (8,80 - £52.300.00
$td. Dev: 200 LS L2 LT LOb 0.8 0.5 596, 7n e Qs
Var Coeff(T):  40.87 37.03 32.08 30.73 3114 31.63 3523 8L 0.0 |56 BLD| 9597
=X
| Gomg
- % Mga FAIR To o
= HNIG .
Enc Teo H3e 4 Erle,
EITeiA TEmA. InFo Me = 24 400
Js waong on AC. vy
THICKNESS IS wionG Mr = 0.33(2q 4%)
= 8os2
8os2
sm~ 9.4
K
/‘,.snw : 418
;.'_:3, 927 oo
Se'= 43.5(3.9270) + 488.8
Sc'= 6859
P
:
?
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DATE TESTED @ 4-13-94

DULUS

ANALYSIS SYSTEM

{SUMMARY REPORT)

iversion 4.0

District: 9 GOULT RANBE{ps1i
Countv: 107 Thicknessiin} Ninigus Maxisum  Poisson Ratic Values
Highwav/Road:60 Pavezent: Pc P 8.00 1,000,000 8,999,999 His u = 9,85
Seay Aya FIi TEmF 248° Base: 4,00 9,090 150,000 H2: u = 6.3%
AVG Pvmnt SORRALE TEM £ 2 68’ Subbase: 0.00 ¢ H3: ¢ = 9.19
Subarade: 236.00 15,000 Hé: u = 0.40
Load Measured Ieflection imils): Caloulated Moduli values {ksii: Absolute Doth to
Station (1bs) Fi e R3 4 RS R R7  SURF{E!) BASE(E2) SUBKIE3) SUES(E4) ERR/Sens Bedrock
3.206  B,999 8.84 5,93 8.3 7.8% 7.8 6.31 0 404 5138, 20.5 0.0 6.7 0.29 300.00
13311 8,999 4,38 4,20 402 L7 A3 2.82 L4 7023, 28.3 0.9 17.7 0.50 300,00
13.414 8,999 71 552 .35 502 468 3,99 280 728L 38,0 0.0 11.0 9.29 300,00
13,006 8.999 .20 5.8 5.82 542 5,05 426 2.68 8281, 30.7 0.0 10,5 0.34 300,00
13.618  B,999 A3 457 3.9 350 300 2,19 1,03 4023, 8.6 0.0 28.6 1,94 103.17 ¢
13.706 8,999 S0 450 A7 A3 4,02 333 2,00 4437, 2.7 0.0 14,6 G.41 300.00
13.811 8,999 5.23 4.3 L7 3% KOS 333 2,08 5905 .2 0.0 15.0 0.22 300,00
13.318 8,999 4,79 4,61 440 419 384 3,28 2.0 7945, 63.% 0.0 13.8 0.47 300.00
14.014 8,999 4.9% 4,78 4,62 4,27 399  3.41 2,28 78ké. 54.4 0.0 13.2 0.59 300.00
14,133 8,999 6,22 6.01 5.8  5.49 5,17 4,44 2,56  7370. 30.0 0.0 9.5 0.21 300.00
14,204 8,999 6,14 5.9¢ 5,72 5.3 4.9 421 2,70 4301, 30.8 0.9 10.7 0.29 300.00
14,313 8,999 4.60 4,37 421 3.B4 355 2.8 1.72 4341, 23.4 0.0 17.7 0.37 209.36
14,408 8,999 4,13 3.95 383 354 327 271 1.7 822, 25.6 0.0 17.7 0.28 300.00
14,514 8,999 5,94 5.78  5.56 5.16 4.81 4,05 2,58 5084, 19.5 0.0 11.2 0.47 300.00
14,605 8.999 444 4,22 406 375 345 2.87  L.52 7213, 1.3 9.0 17.2 0.24 127.18
14,741 B,999 490 4,75 482  4.25 3.9 332 2.15 7547, 17.7 0.0 14.1 0.57 300.00
14,804 8,999 4.75 4,57 443 442 3.85 3.3t 2.05 8951, 57.1 0.0 13.4 0.43 300,00
14.908 8,999 5.20 4,99 4,80  A4.42 4,07 337 2,03 115, 1.1 0.0 14,6 0,37 300.00
15,012 8,999 441 4,18 403 372 341 2,82 173 7012, 28.5 0.0 17.7 0.2% 300.00
15.116  B,999 5.10 4,89 473 441 441 331 1.8l 4483, 3.2 0.0 14.4 0.86 157.66
15,209 8,999 5.21 4.9 472 434 397 329 141 3614, 23.5 0.0 15.6 0.44 187.72
15,313 8,999 4.76 A4 4,19 379 347  2.88 1.B4 5300, 53.8 0.0 18.46 1.16 300,00
0.012 8,999 S5.18 492 477 436 4,01 3.3t 1.89 5942, 4.4 0.0 15.4 0.37 176.62
0.116 8,999 .58 6,26 6,00 555 5.06 4.08 2.12 4177, 53.8 0.0 12.3 0.55 140.12
0.209 8,999 575 5,50 530 490 4.50 374 2,34 535, 81.9 0.0 12.9 0.27 300.00
0.313  8,99% 4.3t 4,14 3.9 359 3.2 2.62 1.6 6329, 6.5 0.0 21.7 0.69 156.98 ¢
0.405 8,999 S.14 4,97 478 4.M 413 348  2.23 7197, 22.6 6.0 13.4 0.368 300.00
0.309  B,999 4,69 4,52 432 3.92 3.5 2.91 1.74 4053 5.9 0.0 19.3 0.59 215.00
0.614 8,999 537 5.18 498 456 46 3,39 195 5373, 2.2 0.0 14.9 0.64 189.74
0.706 8,999 4,72 450 430 3.98 3.4 3.04  1.91 6703, .4 9.0 16.4 0.25 300.00
0.B10  B,999 4,76 451 436 398 3.3 2.99 1.82 4062, 23.5 0.0 17.2 0.44 300.00
0.903 8,999 46.03 5.37 5.4 5.22 4.83 3.86 2.3 4806, 87.2 0.0 12.4 1.24 173,00
1.0i8 8,999 6.12 5.89 5.70  5.28 4,88 4.10 2,59 5524, 97.0 0.0 11.3 0.35 300,06
1.1 8,999 5,60 5.39 5.2 478 4.3%F 3.53 2,11 4794, 138.5 0.0 13.9 0.93 245.07 3
1.208 8,999 5,81 5,45 5,28 491 456 3.87 2.50 6935, 42.0 0.0 11.6 0.48 300.00
T 1.308  B,999 5.06 4.88 473 A3 A8 3.0 2,14 7222, 3.8 0.0 13.7 0.49 300.00
1412 B,999 4,50 4,20 395 352 3.6 2.41 1.2 4288. 12,5 0.0 24.4 0.51 117.81
1.504 8,999 $5.36 5.19 501 467 435 370 2,40 7274, 4.3 0.0 12.1 0.38 300.00
1.597 8,999 5.327 4.8 4.5 420 3.84 3,10 1,90 4585, 17.0 0.0 18.0 0.85 300.00
1,701 8,999 5,62 5.46  5.29 495 459 3.90 2.52 7035, 42.8 0.0 11.4 0.41 300,00
1.805 8,999 85.52 5.3 S.24 4,90 4.58 3.91 2.59 7946, 41.9 0.0 10.9 0.42 300.00
1.908 8,999 5.4 5.07 4.8 452 447 352 2.2 4781, 2.9 0.0 13.5 0.456 300.00
2.012 8,999 4.77 4,58 440 411 382 3.18 1.98 7588 2.5 0.0 14.8 0.22 300.00
2.116 8,999 5.69 5.54 5.4 5.16 481 3.7 2,03 5779, 92.5 0.0 12.0 2.5%4 179,97
2,209 8,999 §.26  5.09 495 457 425 360 2,32 7149 54.2 0.0 12.6 0,353 300.00
2,312 8,999 497  A.bb 443 399 359 - 271 1,24 4087, 16,1 0.0 21.1 0.91 100.00
10.408 8,999 4.6 4,48 4,30 391 360 2.94  1.70 4208, 2.2 0.0 17.4 0.57 182,41
10,512 8,999 4,56 4.3 3.82 3.4 1.85 6880, 22,2 16.7

A pes

A2

a oon

v ne

oA
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2.9
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0.0
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0.45 300,00



10,809 8,999 4.62 447 43D LGS L7732 4.3 BeSI. To.e i 13.0 ¢.26 306,40
16,913 B.999 532 5.2 45D AST 420 3.8 206 bleB. 28,3 8 13.9 0.38 215,90
1,005 8,999 430 409 392 385 3.2 2.8 1.8 58S, 2.3 Ha 20.9 .50 172,72
10,020 6,999 4.68 443 4,25 387 353 2.8 L.bl 5§55, 18.7 6. 18.9 0.38 177.63
1214 8,999 4.5 4,36 427 384 353 2,87 172 6278, 23.3 g2 17.8 0.44 216,48
10,305 8,999 6.5 6.50 634 5.5 5.5 487 3.z AL 31.8 S 8.3 9,48 300.00
1410 8,999 648 6,27 602 5.5 S0 424 2,58 4700, 1122 0.0 1.3 6.57 300,00
11,563 8,999 5.86  5.65 545 500 47T 401 276 71, 8.1 3.8 10.5 0.42 360,00
11,607 8,999 408 3.80  3.62 333 .06 2,53 1.2 7084, . .0 20.6 0,75 300.00
14,712 8,999 4.48 426 407 374 342 79 L% a3, 27.% 0. 18.4 6.23 300.00
11,804 8,999 5.4 5.5 494 454 413 329 1,87 S088. .2 &0 17.2 5,42 185,99 ¢
11,596 8,999 6.6 .06 593 5.67 5,38 476 3.3 BASG. 19.2 0.5 8.5 1.19 306,00 8
12,147 8,999 419 395 3.80  3.49 318 2.5  1.48 474l 7 0.0 22.1 0.20 178,09
12210 8,999 5.38  4.95 475 432 3.8 3.0 1.73 4288, 16.4 0.8 18.1 0.29 170,17
2303 8,999 5.7 5.5 544 5,08 477 409 271 TIsl. 33.2 0.0 10.4 0.33 300,00
12,408 8,999 4.79 4,60 436 399 .64 2.94 1,82 5802, 5.8 6.0 19.3 9,43 300,00 ¢
12,512 8,999 5.0 473 4.4 397 350 273 LSt 32 16.7 8.0 21.9 6.59 160,24
12,604 8,999 6.29 6.1 5.89  5.48 5.0 A29 2.86 5991 30.5 .0 10.5 0.43 300,00
12,709 8,999 5.21 5.4 4.5% 4 435 3.9 2,31 79%0. 88,7 8.9 11.7 0.79 300,00
12,813 8,999 5.16 4,35 4,87 4.83 4,09 3.38 2.0% 5399, 3.9 .0 14,3 0.49 300.00
12.99% 8.999 4.02 5.72 5.5¢ 5.08 §.63 3.81 2.26 4708. 84.9 0.0 13.9 0.29 227.60
13.009 8.999 4.72 4,42 4,22 3.8 3.30 2,81 1.6% 4282, 17.3 3.0 22,3 9.92 300.00
131413 8,999 b.47 6,53 6.39 3.96 3.60 4.85 3.23 7149, 7.9 G.0 8.5 0.57 300.00
© [} iz i® 23 3¢ ra
Nean: 5.22 5.0 4.83 4.4 4,11 3.41 2.08 (632;. 3.6 g, 0.55 048.09
5td. Dev: 0.81 0.82 0.82 0,79 0,77 0.71 0.53 1243, 2.8 0.0 . @90.99
Var Coetf(l): 15.56 15,38 156.89 17.87 18.84 20.87 25.4% 20. 72.8 0.0 29.1 68, \36.68
/ &
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Appendix F depicts examples of manual calculations to
determine overlay thickness using NDT deflection data. The
AASHTO Design Guide Chapter 5 procedure was employed along

with the DARWin program. In this appendix there are examples
of AC overlay of AC pavements, AC overlay of AC/PCC
pavements, and AC overlay of PCC pavements. The procedural
steps and equations follow that in Chapter 5 of the 1993
AASHTO Design Guide.

APPENDIX F






1993 AASHTO Pavement Design

DARWin(tm) Pavement Design System

A Proprietary AASHTOWARE(tm)
Computer Software Product

MISSOURI HIGHWAY AND TRANSPORTATION DEPARTMENT
1511 MISSOURI BOULEVARD, PO BOX 270
JEFFERSON CITY, MO. 65102
RONALD L. NETEMEYER

Overlay Design Module
AC Overlay of AC Pavement

DIST. 8 POLKCO. RTE 32 JOB # 8-U-448 LOG 9.47 - LOG 10.20 CITY OF
BOLIVAR DATE TESTED: 8-26-93 BEFORE OVERLAY FILE#
J:\RI9310\DW\8U448A

Overlay Design Module Data

Structural Number for Future Traffic: 4.38
Effective Structural Number of Existing
Pavement-—-Non-Destructive Method: 2.05

Calculated Overlay Structural Number: 2.33
Structural Number for Future Traffic
Future 18-kips ESALs Over Design Period: 2,098,750

Initial Serviceability: 4.2

Terminal Serviceability: 2.5

Reliability Level (%): 90

Overall Standard Deviation: .49

Subgrade Resilient Modulus (PSI): 5,798

Calculated Structural Number for Future Traffic:. 4.38
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Effective Pavement Structural Number--Non-Destructive Method

Total Thickness of All Existing
Pavement Layers (in): 11
Backcalculated Effective Pavement Modulus: 72,211

Calculated Effective Pavement Structural Number: 2.05

Specified Layer Design
Struct. Drain.
Coef. Coef. Thickness Width Calculated
Layer Material Description ~ (Ai) (Mi) (Di) (in) (ft) SN
1 ASPHALT CONC. .44 1 5.29 - 2.33
Total - - - 5.29 - 2.33
Effective Roadbed Soil Resilient Modulus Data
Period Modulus Period Modulus Period Modulus Period Modulus
1 5,798 7 - 13 - 19 -
2 - 8 - 14 - 20 -
3 - 9 - 15 - 21 -
4 - 10 - 16 - 22 -
5 - 11 - 17 - 23 -
6 - 12 - 18 - 24 -

Calculated Effective Modulus: 5,798

Point-by-Point Backcalculation
FWD Load (ibs): 9,000
Load Plate Radius (in): 5.9 -
Pavement Temperature: 100

Sensor Location Deflection

Number (in) (mils)
1 - 24.9
2 12 11.68
3 18 6.83
4 24 428 -
5 36 2.11
6 60 .99
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Existing AC Thickness: 6
Total Pavement Thickness: 11
Stress Dependency Correction Factor: .33
Base Type: Granular

Calculated Subgrade Resilient Modulus (psi): 5,797.95
Calculated Effective Pavement Modulus (psi): 72,210.83
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District 8 Polk County Route32 Location: log mile 11.10-12.15 City of Bolivar
AC Overlay of AC Pavement (using NDT deflection results)

Step 1:Existing Pavement Design
6" AC, 5" aggregate base
D=11"

Step 2:Traffic Analysis
From Design: construction year (1992) = 450 flexible ESAL/day
design year (2012) = 700 flexible ESAL/day
Average through 20 year design life = 575 flexible ESAL/day

Step 3:Condition Survey
Not available
Step 4:Deflection Testing From NDT
dy = 24.90 mils
dg = 16.85 mils
dyp = 11.68 mils
r=15D=15(11")=16.5" dig = 6.83 mils
user = 18", d18 = 6.83 mils d24 = 4,28 mils
d36 =2.11 mils
dgo = 0.99 mils

ambient air temperature 91-96 degrees F
surface temperature 105-154 degrees F

oy = 020P _ (0.24)(5000)
1) "~ (p,)r (0.00683)(18)

M, =11,570 psi

2) Temperature of AC mix estimated from 5 day average + pavement surface
temperature ~ 100 degrees F from Figure 5.6, Table III-99 with estimated AC
temperature at 100 degrees and AC thickness of 6", TAFgg =0.75
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3) Calculate Effective Modulus of Pavement

1+(
1 X

(0.75)(0.02490) = 1.5(82.30)(5.9)| ——F——————1+

2 E
11 E, ?
+ ———
17,570,11 [5.9 17,570)
0.018675 = 0.04145 +384.09
E : Et
+ 3’ P
1 (1.864 17’570]
by trial and error-

E,=75000 =0.01814
E,=70,000 =0.01877
use E, ~ 71,000 psi

check a,

E, 71,000 _

15 _ _ - )

M, 11,570 4.00 e, \/(5-9) (113/2.00)° =18.43
r>=0.7a,
18>=12.90 OK

Step 5:Coring and Materials Testing

Not available

FS




Step 6:

1) Effective design subgrade M,
M, design 0.33(17,570) = 5798 psi

2)  DesignPSIloss
change in PSI=4.2-25=1.7

3) Overlay design reliability
R =90%

4) Overall standard deviation
Sp = 0.49

5) Wig=Dp*Dp*wyg
Wig = (0.50) * (1) * (575 ESALS/day * 365 day/year * 20 year)
ng = 2,098,750 ESALS
from nomograph on page II-32: SN,=4.40

Step 7:Determine Effective Structural Number (SN,z)

SN, =0.0045(11)3/71,000
SN 4 =2.05

Step 8:Determine Overlay Thickness

SNOL = SNf- SNeﬁ'
SNgL = 4.40-2.05 =2.35

SNoL = agL * Do * MoL
2.35=(0.44) * Doy * (1)
Do = 5.34"

Use 5.50"
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1993 AASHTO Pavement Design

DARWIn(tm) Pavement Design System

A Proprietary AASHTOWARE(tm)
Computer Software Product

MISSOURI HIGHWAY AND TRANSPORTATION DEPARTMENT
1511 MISSOURI BOULEVARD, PO BOX 270
JEFFERSON CITY, MO. 65102
RONALD L. NETEMEYER

Overlay Design Module
AC Overlay of AC/PCC Pavement

DISTRICT 2 LIVINGSTON CO. RTE. 36 LOG MILE 7.03 - 9.17 JOB # 2P390
DATE TESTED: 10-21-93 BEFORE OVERLAY FILE# J:\RI9310\DW\2P390A

Overlay Design Module Data

Pavement Thickness for Future Traffic:
Effective Thickness of Existing Pavement--
Condition Survey Method:

Calculated Overlay Thickness:

Thickness for Future Traffic

Future 18-kip ESALs Over Design period:
Initial Serviceability:

Terminal Serviceability:

PCC Modulus of Rupture (psi):

PCC Elastic Modulus (psi):

Static k-value (psi/in):

Reliability Level {(%):

Overall Standard Deviation:

Load Transfer Factor, J:

Overall Drainage Coefficient, Cd:

Calculated Thickness for Future Traffic (in):

Page 1

9.59
8.63

2.00

4,516,875
4.5

2.5

631
3,274,739
129.5

90

.39

3.5

1

9.59



Effective Pavement Thickness--Condition Survey Method

Existing PCC Thickness (in): 8
Existing AC Thickness (in): 3
Durability Adjustment Factor: .99
Fatigue Damage Adjustment Factor:
AC Quality Adjustment Factor: .9
No. of Unrepaired Deteriorated Cracks/mile: 29
No. of Unrepaired Punchouts/mile: 0
No. of Expansion Joints, Exceptionally Wide
Joints or AC Full Depth Patches/mile: O

Calculated Joints and Cracks Adjustment Factor: .92
Calculated Effective Pavement Thickness: 8.63

Point-by-Point Backcalculation

FWD Load (Ibs): 9,000
Load Plate Radius (in): 5.9
Pavement Temperature: 79

Sensor Location Deflection

Number (in) (mils)
1 0 5.96
2 12 4.8
3 24 4.07
4 36 3.34

Existing AC Thickness: 3
Existing PCC Thickness (in): 8
AC/PCC Interface Condition: Bonded

Calculated AC Elastic Modulus (psi): 511,998.41
Calculated PCC Resilient Modulus (psi): 630.95
Calculated PCC Elastic Modulus (psi): 3,274,738.79
Calculated Dynamic k-value (psifin): 259.01
Calculated Slab Bending or
AC Compression Factor: 1.24
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District 2  Livingston County Route 36  Location: log mile 7.03-9.27

AC Overlay of AC/PCCP (using NDT deflection results)

Step 1:Existing Pavement Design
3" AC, 8" PCCP, 4" aggregate base

Step 2:Traffic Analysis
From Design: construction year (1994) = 2,250 ngld ESALS/day both directions
design year (2004) = 2,700 rigid ESALS/day both directions
Average through 10 year design life = 2,475 rigid ESALS/day both directions
wyg = 2,475 ESALS/day * 365 day/year * 10 year
wig = 9,033,750 ESALS

Step 3:Condition Survey
Not available

Step 4:Deflection testing
From ND
dp = 5.96 mils
d12 = 4 80 mils
dpg = 4.07 mils
d3g=3.34 mils
date tested: 10-25-93

1) Temperature of AC mix estimated from 5 day average + pavement surface
temperature. Temperature of AC mix ~ 79° F

2) Elastic Modulus of AC estimated from temperature of AC mix and Asphalt
Institute equation. E, . ~ 460,000
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3)

4

5)

6)

Effective Dynamic Kdyn
d =-0.0000328 + 121.5006(

Ocourrxszon or ac

d

ommavojuc

3 O 1.0798
460, ooo)
=0.00027 inches = 0.27 mil

+d,

Ocourrzswon or rcc

=d,

domr.u Ocourxssion or ac

5.96=0.27 +d,
d

Ocoapaxsaan or

4.80 4.07 3.34
AREA = 6|1+ + + =27.
6[1 2(5.69) 2( 5.69) (5.69 )] 27.23

OoF PCC

o = 5.69 mils

From figure 5.10, page ITI-118
with area =27.23 and dopec = 5.69 mils, Kgyp = 320 pei

Effective Static K

=%
K

Elastic Modulus of PCC slab (E)

From figure 5.11 with area = 27.23 and Kgyn = 320 pci
ED® = 1.50*10° psi

E (8)* =1.50*10°psi

E = 2,929,688 psi

Joint Load Transfer (not available by NDT)

Assumed value of J ~ 3.5 for LT = 50-70%

Step 5:Coring and Materials Testing

Not available
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Step 6:Determination of Required Slab Thickness for Future Traffic Dy

la)

2)

3)

4b)

6)

7

8)

9)

10)

Effective Static Ks(at
K, = 160 pei

Design PSI loss
change in PSI=Pj - P; =4.5-2.5=2.0

Load Transfer of Existing PCC slab
J~3.5

PCC Modulus of Rupture
Sc=43.5(2.930) +488.5
S =616 psi

Loss of Support
LS=0

Overlay Design Reliability
R =90%

Overall Standard Deviation
So=0.39

Coefficient of Drainage
Ci=1

Estimated ESALS over design life

Wig=Dp * D * wig
W g = (0.50) * (1) * 9,033,750
Wg = 4.52 * 105ESALS

From nomograph on page II-45 and II-46
Dy=9.50"
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Step 7:Determination of Effective Slab Thickness (Degp
(Assumed Adjustment Factor values)

1) Joints and cracks adjustment factor
- Fe=92%

2) Durability adjustment factor
de- =99%

3) AC quality adjustment factor
F ACT 90%

3
Dy =(8*0.92*0.99) +[(5)‘o. 90]
D, =8.63"

Step 8:Determination of Overlay Thickness

A =2.2233+0.0099 * (9.50-8.63)* - 0.1534 * (9.50-8.63)
A=2.097

Doy, = 2.097 * (9.50-8.63)
Dop = 1.82"

Use 2.0" overlay
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1993 AASHTO Pavement Design

DARWIn(tm) Pavement Design System

A Proprietary AASHTOWARE(tm)
Computer Software Product

MISSOURI HIGHWAY AND TRANSPORTATION DEPARTMENT
1511 MISSOURI BOULEVARD, PO BOX 270
JEFFERSON CITY, MO. 65102
RONALD L. NETEMEYER

Overlay Design Module
AC Overlay of PCC Pavement

DIST. 9 TEXAS/HOWEL CO. RTE 60-63 LOG 10.35-LOG 15.39 TEXAS
CO. LOGO0.00-LOG 2.84 HOWEL CO. JOB # 9-P-307 DATE TESTED:
8-23-93 BEFORE OVERLAY FILE# J:\RIS310\DW\SP307

Overiay Design Module Data

Pavement Thickness for Future Traffic:
Effective Thickness of Existing Pavement--
Condition Survey Method:

Calculated Overlay Thickness:

Thickness for Future Traffic

~ Future 18-kip ESALs Over Design period:
Initial Serviceability:

Terminal Serviceability:

PCC Modulus of Rupture (psi):

"~ PCC Elastic Modulus (psi):

Static k-value (psi/in):

Reliability Level (%):

Overall Standard Deviation:

Load Transfer Factor, J:
Overall Drainage Coefficient, Cd:

Calculated Thickness for Future Traffic (in):

Page 1

10.26
7.21

5.63

9,162,375
4.5

2.5

719
5,291,245
110

90

.39

3.5

1

10.26



Effective Pavement Thickness--Condition Survey Method

Existing PCC Thickness (in): 8
Durability Adjustment Factor: .89
Fatigue Damage Adjustment Factor: .89
No. of Unrepaired Deteriorated Joints/mile: 0
- No. of Unrepaired Deteriorated Cracks/mile: 29
No. of Unrepaired Punchouts/mile: 0
No. of Expansion Joints, Exceptionally Wide
Joints or AC Full Depth Patches/mile: 0

Calculated Joints and Cracks Adjustment Factor: .92
Calculated Effective Pavement Thickness: 7.21

Point-by-Point Backcalculation

FWD Load (lbs): 9,000
Load Plate Radius (in): 5.9

Sensor Location Deflection

Number (in) (mils)
1 0 4.91
2 12 4.5
3 24 3.68
4 36 2.92

Existing PCC Thickness (in): 8

Calculated PCC Resilient Modulus (psi): 718.67
Calculated PCC Elastic Modulus (psi): 5,291,245.46
Calculated Dynamic k-value (psi/in). 219.86
Calculated Slab Bending or '
AC Compression Factor: 1.09
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District 9 Texas/Howell County Route 60-63
Location: Texas Co. log mile 10.35-15.39, Howell Co. log mile 0.00-2.84

AC Overlay of PCCP (using NDT deflection results)

Step 1:Existing Pavement Design
8" PCCP, 4" aggregate base

Step 2:Traffic Analysis
From Design: construction year (1993) = 4,700 rigid ESALS/day both directions
design year (2003) = 7,100 rigid ESALS/day both directions
Average through 10 year design life = 5,900 rigid ESALS/day both directions
w18 = 5,900 ESALS/day * 365 day/year * 10 year
wig = 21,535,000 ESALS

Step 3:Condition Survey
Not available

Step 4:Deflection testing
From NDT
dog =4.91 mils
dn =4.50 mils
d24 = 3.68 mils
d36 =2.92 mils
date tested: 8-23-93

3) Effective Dynamic Kgyp

450) (3.68) (292
4= 6[l+2(4.91)+2(4.91)+(4.91)]

A =29.56 mils*

From figure 5.10, page III-118
with area = 29.56 and dg = 4.91 mils, Kdyn =230 pci
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4)

5)

6)

Effective Static Kg,,

=%
s

Elastic Modulus of PCC slab (E)

From figure 5.11 with area = 29.56 and Kayn = 230 pci
ED® =2.75*10° psi

E (8 =2.75*10°psi

Epoc = 5,371,094 psi

Joint Load Transfer (not available by NDT)

Assumed value of J ~ 3.5 for LT = 50-70%

Step S:Coring and Materials Testing

Not available

Step 6:Determination of Required Slab Thickness for Future Traffic D,

la)

2)

3)

4b)

5)

6)

Eﬂ.ective Static Kstat
Kot = 115 poi

Design PSI loss
change inPSI=P; - P; =4.5-2.5=2.0

Load Transfer of Existing PCC slab
J~3.5

PCC Modulus of Rupture
Se=43.5(5.371) + 488.5
S¢ = 722 psi

Elastic Modulus of PCC
Epcc = 35,371,094 psi

Loss of Support
LS=0

Overlay Design Reliability
R =90%
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8) Overall Standard Deviation
So =0.39

9) Coefficient of Drainage
Cd =]

10)  Estimated ESALS over design life

Wig=Dp *Dp *wyg
Wig = (0.50) * (0.85) * 21,535,000
Wig=9.15 * 105ESALS
From nomograph on page II-45 and I1-46
D/=10.30"

Step 7:Determination of Effective Slab Thickness D.p
(Assumed Adjustment Factor values)

1)  Joints and cracks adjustment factor
ch =92%

2) Durability adjustment factor
de. =99%

3) Fatigue damage adjustment factor
Fgi=99%

D y=0.92*0.99 * 0.99 * 8"
D g=7.21"

Step 8:Determination of Overlay Thickness

A =2.2233 +0.0099 * (10.30-7.21)* - 0.1534 * (10.30-7.21)
A=13844

Dor = 1.844 * (10.30-7.21)
DgL = 5.70"

Use 5 %" overlay
Note: Design used 3%4" overlay
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From an ongoing research project, RI93-10 Rehabilitations Of
Pavements Using NDT Data, comparisons were made of the
manually calculated results, to the DARWin program results,
and to the Modulus program backcalculated moduli layer
values being used as input into the ASSHTO equations. The
spread sheet in Appendix G displays the results of the
limited findings.

APPENDIX G
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Example of graphical representation of the pavements
structural elements verses log mile or station

APPENDIX H
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